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ABSTRACT
DESIGN, FABRICATION AND TESTING OF A FIBER OPTIC STRESS/STRAIN
SENSOR FOR SOFT STRETCHABLE MATERIALS USING POLARIZATION
IMAGING TECHNIQUE
by
Jianjun Zheng

The polarization imaging technique has been used to obtain high quality surface images
of turbid media. This technique can be slightly modified and used for noninvasive
sensing of strain and stress in soft stretchable materials, such as latex and human tissues.
Previously this sensing method was developed with free space bulk optics. In this study, a
fiber optic based system is developed to investigate the potential application of this
technology on the strain/stress as well as surface roughness measurements of stretchable
materials. In this system, polarizers are simply attached to the fiber ends to form a
polarizing three-fiber probe. Furthermore, no collimating lens is employed thereby
increasing the cost effectiveness and simplicity of the probe fabrication.
Two types of surface conditions are considered: 1) flat rough surface, 2) curved
rough surface. The sinusoidal surface roughness model is employed for both kinds of
surfaces for theoretical analysis and simulations. A theory is developed based on prior
works to determine the behavior of the normalized reflectivity for different surface
roughness parameters when the surface is under the applied strain. A variety of fiber
probes with different configurations are fabricated and employed to measure the
normalized reflectivity in the experiments. Polyvinyl samples with rough surfaces are
continuously stretched to yield the necessary strains. The experimental results are
discussed and compared with corresponding analytical predictions. Both experimental

and simulation results suggest that for flat surface conditions, the fiber optic system can
replace the bulk optic system and yet maintain good performance of the later. It is further
shown that the performance of the fiber optic system on flat surface conditions is
insensitive to the configuration of the fiber probe. However, for curved surface conditions,
the performance of the fiber optic system shows a complicated dependence on the
sensing circumstances, indicating that a collimating fiber lens in front of the incident
fiber would be necessary to make the system to work properly under most surface
conditions.
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CHAPTER 1
INTRODUCTION

1.1 Background
In recent decades, biomedical engineering using optical methods has drawn remarkable
interest. The academic area called biophotonics is rapidly developing due to the increased
diagnostic and therapeutic applications powered by the laser and photonic technologies.
Research on medical instruments developed from fiber optic technologies is very active
and shows considerable potential. Biomedical imaging methods from the X-ray,
Magnetic Resonance Imaging (MRI), Computed Tomography (CT) to endoscopy have
constantly evolved. They have been some of the well known imaging technologies.
Recently, R. R. Alfano et al. have used a polarized light illumination and detection
method, known as polarization imaging, to obtain the surface image as well as structures
beneath the surface of a turbid medium'. Several other research groups are studying fiber
optic confocal reflectance microscopy 2-5 . J. F. Federici's group at New Jersey Institute of
Technology (NJIT) has demonstrated that a stretch/stress sensor for a soft tissue could be
developed from a modification of two—dimensional polarization imaging technique

63 .

So

far to our knowledge no other research group has combined the fiber optic technology
and the polarization imaging technique to develop the sensor for measuring the
stress/strain and the elasticity of soft stretchable materials, such as plastic, polyvinyl
chloride, human skin, blood vessel tissues, and cavity walls inside human bodies. In this
dissertation, a prototype of a fiber optic based noninvasive stress/strain sensor for soft

1

2
stretchable materials using polarization imaging technique is proposed and laboratory
developed.

1.2 Important Application Findings
Two categories of potential applications of the sensor are envisioned in biomedical
instrumentation areas: skin stretch measurement and stress estimation, and endoscopy of
body cavity and blood vessel tissues.

1.2.1 Skin Stretch Measurement and Stress Estimation
Light reflection techniques have been used to study the properties of human skin noninvasively. The optical properties of the skin are determined by its physical structure and
chemical composition. Research employing the light reflection and transmission methods
is mainly directed to the studies of the biochemistry and biophysical phenomena in
human tissues8. Recently, the importance of the real-time measurement of the stretching
of skin and the estimation of stress/strain in skin for diagnostic and therapeutic
applications in plastic surgery has been recognized9-12. The noninvasive nature of the
light reflection method in measuring the excessive tensile stresses in the skin is attractive.
Real time monitoring of the tensile stresses and their distribution at the vicinity of the
wound is desired. It has been well understood that the mechanical stresses in the skin
interact with the patterns of cell proliferation and cell migration during the suturing of the
wounds, and the blood flow underneath the skin is also affected by the stress distribution
of the skin13-16. High tension across the recovering area of the wound could produce a
stretched hyper tropic scar, thus the scale of the achievements of the plastic surgery could
be reduced6'7'1°. In extreme cases where the consequence of the excessive tension is too
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severe, it could lead to a complete failure of the plastic treatment. Therefore, it is
worthwhile to determine deformations and to predict stresses for a given pattern of
wound suturing6'7, such that medical interventions may be applied based on this
information.
So far, biomechanical models employing finite element analysis have been used
to assess the stress distribution in the skin. Based on analysis, preferred suturing patterns
and wound geometries can be determined17. The proposed polarization imaging method
uses changes in the diffusive reflection properties of skin due to mechanical deformations
to determine the tissue stresses non-invasively. A fiber optics delivery-detection system
would allow the surgeons to determine the amount of strain of the skin in real time using
common endoscopic probes. And the fiber optic system is more reliable than a bulk-optic
system, because no alignment of discrete optical components is needed, and it is not
sensitive to the disturbance of the environments, thus a turn-key operation is expected.

1.2.2 Endoscopy of Body Cavity and Blood Vessel Tissues
Due to the usage of the screening programs to detect precancerous lesions, the incidences
and mortality rate of many tumors have been reduced18. The current method for the
detection of suspicious cancerous tissues inside human body requires the removal and in
vitro analysis of tissue sections19. Fiber optic endoscopy (Figure 1.1) to obtain the
information about the cellular and nuclear morphologic features of these sections noninvasively, in vivo and in real time has the potential of decreasing the screening time and
costs. This technology can be improved by grafting the polarization imaging features to
the conventional imaging system. In vitro studies have shown that the confocal
reflectance microscopy can provide the morphological information non-invasively and in
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real time 19,20. In vivo confocal reflectance microscopy has been applied to the organs
including the eyes, the skin, and the lip21-23 due to easy accessibility. Many sites of
interest such as organ cavities, blood vessels, and gland tracks require miniaturized fiber
optic features. Configurations of fiber based endoscopies for confocal imaging have been
made by several research groups24-27. In vivo imaging using confocal reflectance
endoscopy suffers from the low signal and contrast levels; the fluorescence confocal
endoscopy requires fluorescent dyes which must be nontoxic and capable of penetrating
deep into the tissue 19 . These systems are bulky, complicated and expensive to build. The
fiber optic system takes the advantages of polarization imaging technique and
miniaturized fiber based optics. Improved signal and contrast levels have been
demonstrated for the imaging of a surface and the structures beneath the surface of a
scattering medium in the retroreflection geometryl

Figure 1.1 A typical endoscope employing flexible illumination and observation optics.
(Source: http://en.wikipedia.orglwikilEndoscopy#Components)

Cardiovascular disease is another category of health problem threatening people
of all ages. Hypertension and blood vessel tumors (aneurysms) are widely diagnosed
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among common people. Moreover, the research on the pathological development of these
diseases is still very active. In vivo, real time visualization of the diseased parts of the
vessel (such as deformation of the internal wall surface of the artery due to building up of
fatty materials or the growth of tumors) employing a fiber optic polarization imaging
system and technique has the potential to provide better understanding of the initiative
and development of these diseases. Therapeutic treatments could be delivered via the
same system.
Aneurysms are the abnormal local enlargements of the arteries. Cerebral
aneurysms and abdominal aortic aneurysms are two major types of aneurysms that
threaten human lives significantly. The mortality rate of 80% to 90% is estimated for the
ruptures of these aneurysms, and the rupture of abdominal aortic aneurysm alone is
ranked the 13th of death causes in the United States8'²9'³0. Study has been undertaken to
investigate the relationship between the strength of the walls of cerebral aneurysms and
the growth/rupture of the aneurysms³1. Research on the common vessels, abdominal
aortic aneurysms, and their wall biomechanical properties has drawn close attention in
past decades³²-³6. The in vitro measurements of the mechanical properties of the normal
vessel tissues and the aneurysm walls have been done mainly by applying external loads
on the excised tissues³0-³². In vivo noninvasive measurement methods are limited to two
major techniques: ultrasound and computed tomography³7-³9. Tissue doppler imaging
(TDI) of carotid plaque wall motion using a Philips HDI5000 scanner and L 12-5 probe
was reported several years ago40. Although these in vivo techniques can provide basic
means of access to the sites of interest, the accuracy of the measurements is not satisfying,
and the operation of these systems is complicated, requiring advanced analysis skills.
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Feferici's research group in NJIT has successfully shown that the polarization
imaging technique can be modified to estimate the skin stress/stretch or to measure the
elasticity of the soft tissues6'7. This polarizing optic technique combined with fiber optic
features has the potential to obtain higher accuracy on the measurements of the body
cavity and blood vessel mechanical properties in vivo and non-invasively. Applying the
fiber optic polarized light reflection technique to the blood vessels provides an alternative
method to study the mechanical properties of the aneurysms as well as the normal vessel
tissues. This technique would use the difference between the systolic and the diastolic
blood pressure as the mechanical load on the vessel walls, while the reflectivity change
from the vessel walls due to the surface roughness change (caused by pressure change) is
detected by the fiber system. Theoretical analysis would link the reflectivity change to the
strain/stress in the vessel tissues. Hence, the mechanical properties such as Young's
modulus of the vessel wall tissue can be extracted. In the clinics, it is important to
monitor the elasticity of the aneurysm wall of the patient in a real time, low cost, and
convenient way. The fiber system is flexible, easy to operate, and can be readily attached
to the catheters in routine clinical treatments. The non-invasive nature of this technique
presents significant application potential in the cardiovascular disease research.

1.3 Tissue Optical Properties, Specular and Diffusive Reflections
In this dissertation, human tissues (skin or blood vessels) are assumed to be the target
materials in the application, hence are treated as the examples of the highly scattering,
soft stretchable materials, although the application of the fiber optic sensor is not limited
to these tissue materials. Since the optical properties of the turbid medium (highly
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scattering material) determine the methods of improvement in the imaging techniques, it
is necessary to understand the basic tissue optics before the discussion of the application.
The interaction between laser radiation and tissue depends on many parameters
including the laser wavelength, power, radiation duration, energy dose, and the
characteristics of tissue under study. The optical properties, such as index of refraction,
absorption, and other coefficients depend upon the condition of the tissue, thus are not
constants. Temperature, dehydration or hydration, nutrients concentration, physical or
mechanical condition can dynamically alter the reflection, absorption and scattering
properties of the tissue7'8. By nature, body tissue is a complex medium, light reflection
from the tissue is diffusive and technically complicated6. The mathematical formulations
of the light behavior in the tissue starting from Maxwell equations yield limited useful
information41'4². The empirical approach employing basic optic principles can produce
solutions that reasonably describe the optical effects at the surface and inside of the tissue
under laser radiation4²'4³.

1.3.1 Tissue Optical Properties
It is worthwhile to point out that the propagation of photons in the tissue can be
approximately described by two parameters, namely the absorption coefficient 14 and the
scattering coefficient 1.ts. The absorption in tissue originates from the presence of natural
chromophores, including the hemepigment of hemoglobin, myoglobin and bilirubin, the
cytochrome pigment, and added chromophores introduced by dyes during photodynamic
therapy. The scattering in tissues is caused by discontinuities in refractive index on the
microscopic level, such as the aqueous-lipid membrane interfaces surrounding the ce1141.
These parameters are wavelength sensitive.
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In the commonly used spectrum region from about 600nm to 1300nm, the value
of [ta ranges from 0.01 to 1mm-¹, and μs varies from 10 to 100mm-¹. The total attenuation
coefficient [it is the sum of tta and gs, and the mean free path (=1/μt) is the average
distance traveled by a photon before a scattering or absorption event occurs. It is straight
forward to derive that the mean free path is from 1011m to 100[im approximately given
the values of tta and [ts above. Most interactions are scattering rather than absorption
events, and the scattering is highly forward-directed so that a photon can penetrate the
tissue deeply despite the multiple scattering events. Anisotropy coefficient g is introduced
to characterize the directivity of the scattering by averaging <cosO> over the entire solid
angle of scattering, where 0 is scattering angle of an individual event. In the spectral
range from 300nm to 1300nm, the g value is typically between 0.8 and 0.954247. From
the similarity principle44' 48, g and j.ts can be combined to form the reduced scattering
coefficient μs=(1 g)μs, which is also know as the transport scattering coefficient or
-

transport cross section. In most applications pt; gives enough information without
knowing g and las values.
So far, j.ta and 14' values are major parameters in the treatment of propagation of
laser light in tissues. Based on diffusion theory, 8=1/μeff is the effective penetration depth,
where

tμhefco=r(3span+dig)vetuaoncfi4².

¹/² is

Between the wavelength of 600nm and 1300nm, the g value is almost wavelength
independent and II, falls slowly as the wavelength increases46. The absorption coefficient
μa varies remarkably in the visible spectral range4². It is also observed that the blood
content and oxygenation status, and the concentration of other pigments alter the value of
1.12. The penetration depth 8 increases rapidly from 600nm to 700nm due to decreasing
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hemoglobin absorption, and is almost constant above 700nm. At about 960nm there is a
small dip due to the absorption of water49'50. At a wavelength of 630nm, the index of
refraction has been measured to be in the range of 1.38-1.41, and varies with the tissue
water content.

1.3.2 Specular and Diffusive Reflections
After the brief review of the tissue optical properties, this section discusses the light
reflectance from the skin. It is well known that the refractive index mismatch at an
interface of two materials gives rise to Fresnel reflection, which is Rsp=(l-n)2/(1+n)² for
normal incidence. For the skin refractive index n=l.38, Rsp=0.025. For oblique incidences,
the general Fresnel equations can be used:

where 0 and 0 are the incident and refraction angles, respectively.
The photons that are specularly reflected from the air-skin interface provide the
information about the skin refractive index and surface roughness. Studies show that
surface roughness generally reduces the specular reflectance from the surface5¹,5². A part
of photons that are transmitted through the interface may be scattered and absorbed by
the skin tissue as discussed in previous sections. After multiple scattering events, a
portion of the transmitted photons reemerge through the air-skin interface as diffusively
reflected light. The intensity and the angular distribution of diffusive reflection are
determined by the transmission and the scattering properties of the skin tissue, as well as
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by the polarization state of the incident light5³'54. Another part of transmitted photons are
also specularly reflected by interfaces caused by the skin internal structures656-58. Photons
that are specularly reflected from the interfaces between layers of skin tissue and the airskin boundary preserve their polarization states and are called ballistic photons.
The photons being scattered in the skin tissue change their polarization states,
such that after a sufficient number of scattering events these photons totally lose their
initial polarization states, consequently, they can be treated as random or unpolarized
after they reemerge through the air-skin interface, this portion of photons are called
diffusive photons in comparing with the ballistic photons.
Thus the ballistic photons carry the structural information for both air-skin
interfaces and internal layers of the skin, while the diffusive photons contribute to
background noise if only the surface morphology and inner regular structures are of
interest. Since the diffusively reflected photons are unpolarized, the two orthogonal
polarization components of the diffusive light are equal to each other6'7. In the imaging
experiments with a polarized laser beam as illuminating source, higher resolution images
can obtained by subtracting the power of orthogonal component (with respect to the
incident polarization direction) from that of the parallel component measured via the
polarization imaging optics. Figure 1.2 (c) shows the improvement of picture resolution
of a human palm obtained from this imaging technique'.
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(a)

(b)

(c)

Figure 1.2 Images obtained from different polarization components and their resolution
comparing. (a) a human palm image obtained from the parallel polarization component of
the reflected light; (b) image obtained from the perpendicular polarization component;
(c)image obtained by subtracting the perpendicular component from the parallel
component.
(Source: R. R. Alfano et al.)

1.4 Light Reflectance Techniques for Measuring Tissue Stretch
With the help of the pulse-compressed 1064mn laser pulses from the Na:YAG laser,
research has shown that the temporal profiles of the parallel and perpendicular
polarization components of a polarized light pulse back scattered from a soft tissue are
differentl. The images of the palm of a human hand under 850nm linearly polarized laser
illumination have been investigated. It has been demonstrated that much higher resolution
of the palm image can be formed after subtraction of the perpendicular polarization
image component from the parallel polarization image component.

1.4.1 The Principles of the Stress/strain Sensor for Soft Tissue
The NJIT' s research group has introduced a new technique based on a modification of the
polarization imaging method to measure skin stretch by using the small changes that take
place in the diffusive and specular reflectivity of the skin due to stresses. When linearly
polarized light is incident on the tissue sample, the ballistic photons reflected back from
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the sample maintain the polarization status, and constitute the parallel polarization
component of the reflected light; while the diffusive photons lose their initial polarization
status, thus parallel and perpendicular polarization states are equally present in the
diffusively reflected light. The measured parallel component of the reflected light also
contains half of the diffusively reflected power, which is represented by the measured
power of the perpendicular component. Therefore, removal of that amount of power from
the parallel component will yield the pure optical signal due to ballistic photons, which
carry the information of surface morphology. Since the stress changes the structure of the
tissue and its surface topography, the specular and diffusive reflectivity will change
accordingly. Based on this knowledge and the modeling of surface topography,
relationship between the stress/strain and reflectivity can be obtained 6 ' 7 ' 55 .

1.4.2 Experiment on Bulk Optic System
In prior experiments 6 AFigure 1.3), a linearly polarized argon-ion laser beam with
wavelength X=488nm and power<lmW was used. Four guinea pig skin samples were
prepared and kept wet with saline solution during the experiments 6 ' 7 . A large area Si
photo detector was oriented in the specular reflection direction behind the light collecting
lens. A mechanical chopper and a lock-in amplifier were employed. Intensities of the
parallel and perpendicular polarization components of the reflected light were measured.
The incident angle was set at 57 ° . The light collection lens has a focal length of 35mm,
with solid angle of collection about 2.5 x10 -² sr and the spot size of the incident beam is
about 2mm. The maximum stretch for the samples was about 17%. A Labview program
was used to collect the data.

13

Sample
Argon Laser

Mechanical
Chopper
Aperture

Computer

Lock-in
Amplifier

Lens
Photo detector

Figure 1.3 Experimental schematic in prior works: Argon laser laser light is reflected
from the guinea pig skin sample. P1 and P2 are polarizing filters for the incident and the
reflected light, respectively.
(Source: J. F. Federici et al.)

For the four skin samples (result shown in Figure 1.4)67, normalized reflectivity
(parallel polarizing component minus perpendicular polarizing component of the
reflected light, then normalize to its initial value without stretch) increases almost linearly
with the increasing applied stretch. The average data of the four samples yields the curve
plot (dashed curve), which is closer to a straight line.
For latex materials with maximum stretch of 8.4%, reflectivities for both the
parallel and perpendicular polarizations increase linearly with the stretch. But for
stretches larger than 3%, the slope of the reflectivity becomes flatter (saturation occurs).
The normalized reflectivity shows the same behavior. For the polyvinyl chloride sample
(Figure 1.5)6, no saturation of the normalized reflectivity is observed, and the normalized
reflectivity vs. strain (stretch) plot is also close to a straight line.
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Figure 1.4 Solid curves are for four guinea pig skin samples, the dashed curve represents
the average of the four plots and is shitted to the lower region of the figure for clarity.
(Source: J. F. Federici et al.)

Stretch [mm]
Figure 1.5 Normalized reflectivity for polyvinyl chloride sample with initial length of
45mm and maximum stretch of 19mm. Solid line shows the linear fit of the data.
(Source: J. F. Federic et al.)
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In this dissertation, preliminary work was carried out first to confirm and
reproduced these results with the bulk optic system, then the system was transferred to
fiber optic configurations. A variety of fiber configurations were investigated through a
series of experiments. Theoretical analysis and numerical simulations were developed to
explain and compare with the experimental data. A major goal of this work is to
demonstrate whether a simple fiber optic system can replace the bulk optics system
reported in prior works.

CHAPTER 2
THEORY AND MODELING

2.1 Surface Roughness Modeling
A simple 2-D sinusoidal model for the roughness of an interface was proposed in prior
works6' 8: z=Asin(gx). With the very-rough-surface limit Ag>>1 and the basic ray optics
approximation, it was demonstrated that the interface roughness, which decreases with
increasing strain, explained the experimental results: (a) the observed increase in the
specularly reflected light intensity, and (b) the linear relation between tissue stretch and
reflectivity when the applied strain is small. Here, the term roughness is characterized by
A and g, and is evaluated by their product Ag.
Despite the simplicity, this model yields fruitful results. The success originates
from the fact that while the periodic-roughness assumption is not strictly true, the
physiology of the various skin layers and topology measurements of skin show quasiperiodic interfaces between different layers of skin. Therefore, a periodic-roughness
rather than a random-roughness model appears to be appropriate6'7'56-58. This model was
originally suggested for the roughness of skin and was used to explain how the surface
patterns of the skin change as a result of tension load. Later, it was shown mathematically
by Federici's research group that the linear relationship between the normalized
reflectivity and the applied strain is also applicable to common stretchable rough surfaces
such as plastic or latex59. In this chapter, the existing theory will be expanded to include
the modeling of fiber optic system with flat surfaces, and further expand the analysis to
cover the curved surface condition with approximations.
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2.2 Free Space Bulk Optics Analysis
2.2.1 Review of Prior Analysis
The theory developed in prior works is first reviewed. In the following Figure 2.1,
collimated light is incident to the rough surface with angle (I)j, a photo detector is put in
the specular reflection direction of the incident light, A9 is the half angle of detection
(optical acceptance angle). The power detected is expressed as:
(2.1)
where Oi and θi are the global and local incident angles respectively, r(0i) is the power
Fresnell reflection coefficient, dS is the elementary surface being illuminated,

k is the

unit vector in the direction of incidence, and I0 is the uniform incident light intensity.
Within a satisfactory approximation, r(Oi) can be treated as a constant r(413i ) .
Detection
lens
Incident
light

Specular
direction
Z(x,y)
Global view of rough surface

Local view

Figure 2.1 Surface roughness global and local views, the global and local definition of
angles of incidence and reflection, orientation of the detector to the flat rough surface.
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With sinusoidal surface roughness model Z=Asin(gx), it is ready to evaluate the
integral in Equation (2.l). The integral element surface c/k-S-' and incident wave vector

k can be replaced by the following expression in Cartesian coordinates:

Substituting them into Equation (2.1) and simplifying, one obtains:

integrating in the y-direction yields:
(2.2)
where Ly is the sample length illuminated by the laser beam in y-direction. The
integration limit in the x direction will be determined later by AT.
Before evaluating the above integral, it is helpful to high-light several points,
which will provide a basic picture of the relationship between the detected power and
surface roughness, and hence the relationship between the normalized reflectivity and the
stress applied on the soft tissue.
1. Assuming the cross section of the incident beam is very small, for small roughness
sinusoidal surface and non-grazing incidence, the reflected light is confined within an
angle range AO set by the surface parameters A and g as illustrated in the following
figure (Figure 2.2) and equations. For the sinusoidal surface model, one can easily
obtain tan A(1) = Ag . For cases that Ag is small enough, AO = 2Ag .
2
2. Since the stretching reduces the surface roughness, thus AO will decrease and more
light rays will be concentrated in the vicinity of the specular reflection direction.
Therefore one observes increased power detection as the surface is strained.
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Detection
aperture
Incident
beam

AV

Figure 2.2 The reflected light is confined within an angle range Aa0=2Ag set by the
surface parameters A and g for small roughness cases.

3. If the initial surface roughness Ag is already a very small number, the angle AO is so
small that a detector will capture most of the reflected light, this corresponds to the
effect of saturation at large scale of stretch.
In typical applications, the detection angle Ay is usually much smaller than the
light spread angle AO. Light rays that strike the detector aperture originate from the
reflection of light at the peak and bottom parts of the sinusoidal surface. Under this
condition, the calculation of the detected power can be approximated by a simpler
integration, and the integration range of x in Equation (2.2) above is determined by Ay.
Therefore, Equation (2.2) can be written as:

The two integrating limits are:
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N is the number of periods of the sinusoidal surface under the illumination of the laser
beam, that is N = 1,„

. The above integral can be readily evaluated,

(2.3)

(2.4)
where Po = L,Ly/0 cos(φi) • r(0, ) is simply the incident power times the reflection
coefficient, which corresponds to the specular reflection power for the perfect smooth
surface case.
Equation (2.4) reasonably explains the relationship between the detected power
and surface roughness. However, this equation does not directly link the reflectivity
change of the surface to the strain of the soft tissue. The surface mechanical properties
will determine how the surface topology changes when the strain is applied to the sample.
A simple model assumes that the surface path length is a constant during stretch, such
that only A and g change accordingly. This model is accepted in discussing the property
of skin under strain. Using this model, the prior work has shown that at very rough
surface condition, the surface reflectivity is linearly proportional to the stretch:
(2.5)
where A=27r/g is the spatial period of the sinusoidal surface, k is a constant. From
Equation (2.5), k can be written as:
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where M is the constant number of surface oscillations, L is the constant surface path
length in x direction.
The normalized power is then:

It is clear that the normalized power (reflectivity) here is only related to the
surface parameter g, but not related to the amplitude A. While this is a good
approximation for very rough surfaces, it would cause considerable errors when dealing
with surfaces with moderate roughness such as human skin (A-60p,m, g-50 pm-¹). This
dilemma arises because the calculation of the surface path length is over simplified in the
very rough surface approach, in which the period path length of the ripples is just the
zeroth order approximation (only amplitude is considered) instead of a higher order one.
For some applications, various surface roughness conditions should be considered, and it
is also desired to link the slope k of the linearity in the above relation to the surface
parameters A and g in the sinusoidal model. To serve this purpose, the same model will
be used, but a higher order approximation in evaluating the surface path length is
necessary to be developed.

2.2.2 First Order Approximation
Let A0, go be the initial surface parameters before strain. Again it is assumed that the
strain only changes Ao and

g0

, but does no change the surface path length. Let Lo be the

path length of one oscillation (not sample length or special period). Let A and g be the
parameters of the surface when it has strain S, which is defined as the ratio of the
extended length to its initial length. The following relations hold:
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(2.6)

(2.7.1)
(2.7.2)
The elliptical integrals in Equation (2.7.1) and Equation (2.7.2) are evaluated. From the
geometry, this kind of integral can be evaluated by the triangle approximation (first
order). Simply the integrals are expressed as:
(2.7.3)
Substituting Equation (2.6) into above equation, one obtains:

solve for A,

(2.8)
Equation (2.6) and (2.8) describe the behaviors of surface parameters A and g under the
strain of the surface, when the first order of approximation is applied.
Recall Equation (2.4), the ratio (normalized reflectivity) of the detected power
P with strain S to the initial power P, without strain can be obtained:
(2.9)
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7r2 (s2

One should notice that in Equation (2.9), the value of

2s)
must be less

than 1. Obviously this restriction is generated by the condition that the surface path
length does not change with strain. Referring to Equation (2.8), the strain can increase
7(2
until the amplitude A=0. For this condition, Ao2g02 = — (S² + 2S) . As the strain S
4
increases, the surface becomes more and more "unstretchable". For already very small A
and g values, there is no much strain available, thus S is restricted to a very small number,
before the A=0 flat smooth surface condition occurs. One also notices that as S increases,
2S) π²(S+

the value of

44; g02

will approach 1 resulting in the singularity of the ratio, which is

not physical at first glance.
However, one should remind that Equation (2.9) is obtained under the
approximation of small detection angle. During the stretch, the detector acceptance angle
is a constant in the experiment. As the strain increases, the values of A and g decrease,
eventually the light spread angle AO = 2Ag < Aço , which causes the saturation of the
detected power as already high lighted before in this Chapter. To summarize, Equation
(2.9) applies to the conditions that the stretch is not approaching the limits set by the
surface model and its roughness parameters.
Numerical calculation shows (Table 2.1) that the triangle approximation of
Equation (2.7.3) in evaluating the path length of the sinusoidal curve is valid for a large
range of surface roughness values. The validity of Equation (2.7.3) has been tested for
both small and very large Aogo values. In Table 2.1, the percentage difference of the
approximation obtained through comparing with rigorous path length for Ag values
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ranging from 0.1 to 100 are listed, and the maximum difference is only about 3.5%,
which occurs when Ag value equals 3. Although higher order approximation may give
more precise result, it appears not necessary to do so, since the first order approximation
already yields enough accuracy. Moreover, it is very difficult to obtain an analytical and
simple result like Equation (2.9) for higher order approximations.
Table 2.1 Percentage Difference of Surface Path Length between Rigorous Values and
Approximated Values
Ag value
difference

A direct approximation of Equation (2.9) is that in the limit of a very rough
surface, where Aogo >>1, the normalized reflectivity is simply:
(2.10)
Equation (2.10) can also be directly obtained from the zeroth order approximation
by applying Equation (2.6). One can see that the first order approximation reduces
smoothly to the zeroth order approximation in the very rough surface condition.

2.2.3 Numerical Test of the Approximation
In order to better understand how the surface reflectivity behaves under strain, the
normalized reflectivity — vs. strain S is plotted using Equation (2.9) for various surface
roughness values. Starting with small roughness case, the plots are shown in the
following figures (Figure 2.3 through Figure 2.5).
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Figure 2.3 Initial surface roughness A0 g0 =0.5, linearity between the normalized
reflectivity and strain is valid for strain less than 3%.
P

Figure 2.3 shows the normalized reflectivity — (y-axis) vs. strain AL/L (x-axis)
Pi

for initial surface roughness Aogo = 0.5. One should not be surprised that in Figure 2.3
singularity appears when the strain approaches a point somewhere between 0.04 and 0.05.
It is also clear that the linearity still holds for strain less than 0.03, that is 3% of stretch,
and the slope value is about 20.
Figure 2.4 shows when the surface initial roughness A0 g0 =1, the linearity holds
up to a strain value of 0.1 corresponding to 10% of stretch, and the slope of the linearity
is about 5, which is greatly reduced compared with the previous plot in which
Aogo = 0.5.
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Figure 2.4 With initial roughness A0 g0 =1, the linearity is well maintained until the strain
excesses 10%, but the slope of the linearity decreases compared with the previous case
where Ao g o= 0.5.

It is shown in Figure 2.5 that as surface roughness Ao go increases, the linearity
range increases, and the slope decreases. For A0 g0 =2, the linearity holds up to 15% of
stretch, and the slope is about 2; for A0 g0 =3, 4, 5, with stretch less than 20%, the
linearity well holds, and the slopes are about 1.3, 1.25 and 1.2, respectively. Comparing
with Equation (2.5), which predicts a constant slope for very large surface roughness, this
approach can predict a wide range of slope values for moderate surface roughness and
meanwhile provides a linear region. It is clear that as the surface roughness increases, the
slope approaches a constant, and the linear range increases accordingly, which is in
agreement with the result of prior work.
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--o-- Initial roughness=2
—II—

Initial roughness=3
Initial roughness=4

---x-- Initial roughness=5

Figure 2.5 Normalized reflectivity for surface initial roughness A0 g0=2, 3, 4, 5 as
marked in the plot. As the roughness increases, the linear range of the relationship
between the normalized reflectivity and the strain increases, however the slope of the
linearity decreases.
2.2.4 Linearization of the Result
In most applications, where the strain is limited in the linear range, Equation (2.9) can be
reduced to a linear expression about the strain. As shown above, the slope of the linearity
and the linear range can be determined from the surface initial parameters through
plotting of Equation (2.9) with mathematical tools. For application convenience,
Equation (2.9) can be written as:
R Normalized

7-,

= 1 + kS

(2.11)
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where k is the slope obtained through the numerical plot of Equation (2.9). The estimated
linear range for strain S and the slope k for different initial roughness Aogo of the surface
are listed in the following table (Table 2.2).
Table 2.2 Slope and Linear Range of Strain Determinations

A direct result from the numerical plots and Table 2.2 is that the slope k must be no less
than 1, and equals 1 only when Ag is essentially infinity, corresponding to very rough
surfaces. It is easy to verify this result by differentiating Equation (2.9) and noticing that
S> O.

2.2.5 Discussion and Summary
As discussed before, when the value of Aogo decreases, the slope of the linearity
increases if the relation AO = 2Ag> Aça still holds. However, when 2Ag is less than Aço
due to the continuing strain, saturation occurs. Therefore, the above plots must be
apodized to include the saturation effect at the approaching of the limit of stretch. It is
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justifiable to conclude that the complete real plot of the normalized reflectivity vs. strain
can be qualitatively drawn as in the following figure (Figure 2.6).
Normalized
reflectivity
saturation
regime
(. .
limit
approaching
regime

linear regime
Strain

Figure 2.6 Three operation regimes are shown. For most applications stretches are within
15%, and linearity is expected to hold during the stretch for rough surface cases.
The above analysis is based on the free space bulk optics configuration, where the
incident beam is highly collimated. In a fiber optics configuration, some assumptions and
conditions required by the above approach may no longer be valid. However, this
analysis provides basic understanding and a clear physical picture on how strain changes
the reflectivity of rough surfaces. With a fiber optics configuration, under further
approximation and with help of numerical analysis method, it is found that above result is
still valid for various fiber configurations, even though the incident beam is not highly
collimated.
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2.3 Analysis on Fiber Optics Configuration
In the fiber optics schematic, the incident and collecting fibers are assumed to have the
same specifications. The fiber orientations are fixed in the specular reflection direction.
The distances between the end facets of the fibers and the sample are all equal. While this
simplification may loose some generality of the treatment, it provides basic knowledge of
the fiber system. From this model, it is still convenient to accommodate a more general
treatment such that the incident fiber and receiving fiber have different specifications.
The fiber facet to sample distance can vary as well. The fiber optics schematic is shown
in Figure 2.7. It is convenient to treat the problem in three configuration categories
according to the comparison between the numerical aperture (NA) of the incident fiber or
the divergence of the incident light and the detection acceptance angle. In the discussion
below, the NA is replace by 00 knowing that NA= sin 90 (No miniature collimating lens is
used).

Incident fiber
Core diameter D

Receiving fiber
Core diameter D

Figure 2.7 Fiber incident and detection schematic. R is the fiber to surface distance, D is
the fiber core diameter, 80 is the incident divergence angle, AO is the light spread angle
after reflection.
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2.3.1 Small Divergence and Acceptance Angles Probing
For this configuration, mathematically 00 << 1, D/R <<1, the incident beam is narrow
and can be treated as collimated beam to good approximation. Therefore the results
reduce to the free space bulk optics case discussed previously. For telecommunication
single mode fibers, the typical NA is about 0.1, D is around 1 Opm, and R is usually
greater than 1 mm in typical applications. Although the above conditions are obviously
satisfied, this fiber configuration possesses short comings such as small acceptance angle
of the receiving fiber which results in a small detected power. Thus this configuration has
very limited use in most applications.

2.3.2 Divergent Beam Long Distance Probing
When 00 >>D/R, D/R<<1. At this condition, the incident beam is divergent, and the
detection distance is much larger than the diameter of the receiving fiber. Thus, in this
case the illumination area on the sample is much bigger than the physical aperture of the
receiving fiber. It is difficult to calculate the power detected by the receiving fiber, since
the integration of the optical power reflected from different directions and positions on
the surface is extremely complicated.
However, an approximation can be made to simplify this problem. Considering
that the central light rays that form the center stripe of the spot on the sample (Figure 2.8)
contribute most to the detected power, one can neglect the contribution from peripheral
rays, and the calculation of the detected power can be greatly simplified. Further because
00 (or NA) of the receiving fiber is much larger than the physical aperture acceptance
angle (D/R) of the receiving fiber, reflected rays impeding on the facet of the fiber will
all be collected. The NA of the fiber plays no role in determining which rays can be
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eventually captured by the fiber and can propagate to the detector end through it. The
optical acceptance angle is determined by the physical aperture of the receiving fiber for
this case.
Receiving
fiber
Central stripe

Sample

\.
Illumination spot

Figure 2.8 Far field configuration. The central light rays that form the stripe in the center
of the spot on the sample contribute most to the detected power, while the contribution
from peripheral rays can be neglected.

From Figure 2.8, one may set the width of the central stripe to be the diameter of
the fiber core D, and the length of the stripe is approximately 2R00 . Assuming the
incident optical power has a uniform distribution in all direction, and considering the
projection effect, one can conclude that the ratio of the optical power in the stripe to the
total power in the spot is simply:

The effective incident power (collimated case equivalent power) can be written
as

2D
P0 . Applying Equation (2.4), the detected power can be written as:
7z-R 00

33
where Po is the reflection power for perfect smooth surface cases, and is still the same
expression as in Section 2.2, except that LxLy is replaced by g(R Go )2 . To a good
approximation: Aço =

2R

Substitute into the previous equation yields:
(2.12)
One can find that the (Ag)-¹ relation still holds, hence Equation (2.9) also holds for this
fiber optics configuration. It is rewritten here for clarity:
(2.9)

P, is still the detected optical power before the strain is applied.
It should be pointed out that the above treatment employs very rough and bold
approximations in calculating the optical power detected by the receiving fiber. However,
since only the normalized power (reflectivity) is the final result of interest, most of the
inaccurate assumptions of the calculation are eliminated by the process of normalization.
Equation (2.9) is still valid, even though the treatment seems overly approximated. A
more convincing and simple way to tackle this problem is numerical simulation through
computers. This configuration applies to the application system in which the fibers are
multimode, and the fiber to sample distance is much larger than the fiber diameter.

34
2.3.3 Divergent Beam Short Distance Probing
When 00 — D/R, and D is in the same order of R (but smaller than R for most application
circumstances). As shown in Figure 2.9 below, the illumination spot on the sample
consists of two regions I and II. Region I is formed by paraxial rays (with divergence
angle less than θ1) in the incident light cone. 01 is determined this way such that any ray
ending in region I at the point represented by r will be diffusively reflected such that the
receiving fiber is essentially oriented in the specular reflection direction for this ray.
Consequently, the numerical aperture of the receiving fiber will not affect the collection
of rays (all rays impeding the core area of fiber end surface will be captured by the
receiving fiber). Region II is formed by peripheral rays in the incident light cone (with
divergence angle larger than 01 and smaller than θ0). In this region reflected light rays
hitting the end surface of the fiber can be eventually collected by the fiber or simply
escape the fiber later.

Sample

Stretch

Stretch

Incident fiber

Receiving fiber

Figure 2.9 Near field configuration. The illumination spot on the sample is divided into
two regions: The paraxial region I and the periphery region II.

35
The rigorous calculation of the collected optical power leading to an analytical
solution for region II is extremely complicated even with approximations. By dividing
the light spot into two regions, the complexity of the calculation, in which one has to
determine if a ray is collected by the receiving fiber or not when it hits the fiber end
surface, can be reduced. As shown in Figure 2.9, the total detected power for region I
comes from the integration of the reflection of individual collimated beam elements with
different incident angles. Again, with assumption that the optical intensity is uniform
within the incident light cone with divergence angle 90 is employed. Let p0 be the
incident optical power per unit solid angle. According to Equation (2.3), the analytical
solution of the detected power in region I can be expressed by the following integral:
(2.13)
where f(0,ço,(1),) is the element light beam incident angle function. The form of this
function is complicated due to its 3-dimension nature, but it has no significant effect on
the calculation of normalized power, because integral P¹ is evaluated only for the inner
light cone, which is essentially a collimated light beam. For good approximation, it can
be written as f(θφ,φi) = φ, . Thus, for normal incidence, cos[f(θ,φ,φi) = 1. Aço in
Equation (2.13) is the receiving fiber acceptance angle. Rigorously, ço must be a
function of 0 and φ. However, as discussed in this part before, this acceptance angle can
be replace with an averaged angle by approximation, it is simply the smaller of the
numerical aperture angle 00 and DI R. Since 00 — DI R, by arbitrarily letting Aço = 00 ,
and this will not affect the calculation of normalized power. 0¹ is still to be determined as
discussed before.
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With the help of above approximations, the right side of Equation (2.13) can be
integrated, and the equation reduces to a much simpler form:
(2.14)
Compared with region I, light rays striking in region II at point represented by /3
(Figure 2.9) are reflected to the end of the fiber strongly deviate from the specular
reflection direction of the entire incident light cone. It is obvious that the reflection
behavior at different positions in region II widely varies. The detected optical power
associated with this region still can be written in a general analytical form represented by
a complicated integration:
(2.15)
The reflection angle function f(θφ,φ,φi), ) may not be simplified as φ,, and Aço(e, (0, )
can not be approximated as a simple function of DI R or θ0. Since the detection fiber is
not paraxial for region II. In order to apply Equation (2.3), an effective paraxial
coefficient a(61,ço, φi) is introduced to reduce the complexity of Equation (2.15).
With above analysis, the total detected optical power is:
(2.16)
The evaluation of P2 is formidable, however, since f(t9,(o, ) , A(9, ço, ) , and

a(θ,φ,φi) are all independent of A and g, P2 can be simply written as:
(2.17)
The total power can be expressed as:
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it can be further written as:
(2.18)
Where c'(01, ) absorbs all the coefficients of (Ag) - ¹
It is evident that ifOlin the coefficient c'(0¹,4: 30,) is independent of A or g, Equation
(2.9) would hold for this case, and all the three cases discussed here would be reduced to
the simple free space bulk optics case.
Now it is ready to discuss how to evaluate the value of angle 0¹. The key question
is whether 0¹ depends on A or g. The following arguments show that Oldoes depend on A
and g if the surface roughness is very small, that is Ag<< 00 and DI R. Since, according to
the high lighted points in Section 2.2 in this Chapter, the reflected light spread
angle AO is 2Ag, in order for the reflected light of the left most rays (Figure 2.9) in the
small cone to be collected by the receiving fiber, the cut off condition
2Ag — θ = φ

hold, thus 0, = 2Ag . This result makes the normalization of

Equation (2.18) very complicated, and a simple analytical expression of c'(0¹, φi) is
essentially impossible to obtain considering the complexity of the functions f(0,ço,φi),),
Δφ(θ,φ,φi) , and a(0,co,,c ,) . For larger Ag values, since the spread angle is larger, the

cut off condition is not necessary, one expects much less dependency of Oion Ag values,
thus by approximation, Equation (2.18) can be simply normalized and yield the same
result as the bulk optics case.
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It is convenient to determine θ1, c'(0¹,(1),) and the total optical power in Equation
(2.16) through numerical simulations. Fortunately, in most applications the surface
roughness Ag is much larger than the N.A. of the fibers, hence, the approximations
discussed in previous paragraphs are reasonably adoptable. It is further shown later in the
experiments, that the treatment discussed in this section yield acceptable accuracy.
The above analysis for the three fiber configurations is more qualitative than
quantitative, since many approximations are made in the calculation. Although not
rigorous, this analysis explores the complexity of the problem and provides the first
approach on understanding of the issues in adapting polarization imaging technique to
fiber optic implementation. Moreover, this theoretical formulation can serve as a control
for both numerical simulations and experimental results. The following part of this
Chapter will employ numerical methods to determine the dependence of the measured
change in reflectivity with the strain in the sample.

2.4 Analysis on Curved Surfaces
The previous section discussed the fiber optics configurations for the flat rough surface
applications. It is natural to extend that analysis to the curved surface cases with fiber
optics configurations. In the modeling, a partial cylindrical surface with curvature C
along the surface sinusoidal ripple direction ( k direction) is selected for its simplicity; the
stretch along the tangential direction of the cylindrical surface is assumed; and during the
stretch, the surface curvature C is a constant. Two sensing applications are considered:
convex surfaces (not shown) and concave surfaces (shown in Figure 2.10). For convex
application, the fibers are located on the opposite side of the surface from the center of
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curvature. p is the curvature radius. The amplitude of the roughness is exaggerated in the
figure for clarity. The incident fiber and the receiving fiber are kept parallel and both are
in the normal direction relative to the average surface in the treatment.

Stretch

Fibers

Stretch

Center
Figure 2.10 Cylindrical surface with sinusoidal roughness model. p is the radius of the
cylinder, and the stretch is applied along the transverse direction. The incident fiber and
the receiving fiber are kept parallel and both are in the normal direction relative to the
surface.

It is obvious that if the radius p is much larger than the fiber diameter, this curved
surface case will reduce to the flat surface condition, and the reflectivity behavior of the
surface under stretch would be the same. As already seen from the flat surface
applications, analytical solution for this case is even more difficult to obtain. A numerical
method thus will be employed.

2.5 Numerical Simulations by Ray Tracing

In order to simulate the application and compare with the results from experiments, the
simulation conditions are selected to be as close to the realistic implications as possible.
In the simulations, all the fiber configurations of the detector head and the spacing
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between the sample and the fiber end surfaces are exactly the same as in the experiments.
However, the surface roughness parameters A and g can not be directly measured in the
experiments. Empirical values of A and g extracted from the comparison with the
analytical plots are employed in the simulation.

Simulation Assumptions
1. The incident fiber and receiving fiber are identical.
2. The incident light intensity is uniform (a Gaussian intensity distribution may be
employed alternatively) and in TE incident mode.
3. Assume no interference or laser speckling.
4. The surface roughness is sinusoidal, and the stretching does not change the surface
path length or modify the optical property of the local region of the surface.
5. The surface elements are treated as pure mirrors with identical reflectivity, thus the
Snell's power reflection coefficient is the same for any ray and any local condition.
This approximation dramatically reduces the computing tasks in the simulation.
Algorithms
With the help of Mathematica and its add-on component Optica, a ray tracing method is
employed. The incident light from the fiber consists of thousands of individual light rays,
and each ray is traced for its path through the entire optical system, at the remote end of
the receiving fiber the number of rays is counted and recorded as detected optical power.
The simulation flow chart is shown in the following diagram (Figure 2.11).
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Initialization: fiber configurations,
sample parameters, fiber to sample
distance, steps of stretch, number of
rays to be traced

Stretch, calculate mirror position
and orientation

Ray tracing, record ray count

End of
stretch?

No

Yes, end
get all data
Figure 2.11 Ray tracing program flow chart.

Since the ray tracing occupies significant computing resources, the element
mirrors which are obviously not in the position and orientation which causes a ray to
impede the facet of the receiving fiber are eliminate in the optical system to save
computing time.
The flat surface condition and the curved surface condition are simulated
separately. These numerical results will be presented in Chapter 4, and will be compared
with the experimental results as well as the analytical solutions discussed previously.
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2.6 Young's Modulus Extraction from the Reflectivity Measurement
For strain S that falls in the linear range of the relationship with the stress a, a simple
equation (Hooke's law) can be applied for soft tissue materials:

where Y is the Young's modulus of the soft tissue along the strain direction. If further the
strain S is also within the limit of the linear range of the relationship with normalized
reflectivity, which is very likely, Equation (2.11) can be applied to link the normalized
reflectivity to the applied stress and Young's modulus of the material:
(2.19)
If in the experiment, a can be measured as well as the normalized reflectivity, the linear
plot between them would yield the extraction of the Young's modulus, provided the
surface roughness condition is known already. Likewise, Equation (2.19) can be used to
evaluate the stress in the material, if Young's modulus of that material is known.

CHAPTER 3
EXPERIMENTS

In this Chapter, the experimental methods and fiber probe preparations will be described
in detail. Starting with the bulk optic experimental setup, the linearity between the
normalized reflectivity and the stretch on the surface is examined. The structure of the
fiber probe then discussed, and the fabrication and packaging of the fiber probe assembly
is documented in detail. The flat and curved surface fiber optic experimental setups and
methods are illustrated later. Labview programs were developed for data collection
during the experiments.

3.1 Bulk Optic Experiment on Latex and Polyvinyl Materials
Several types and geometrical sizes of the latex glove materials are stretched and the
corresponding reflectivity is measured. The experimental setup is shown in Figure 3. 1.
Linearly polarized light from He-Ne laser (k=632.8[tm) is directed through the optics to
the latex sample and diffusively reflected. The light collecting optics is positioned at the
specular reflection direction with an linear polarizer in front. One end of the sample is
mounted on the stress sensor, which is mounted on one of the step motor stages to
measure the stress during the strain process. The half-wave plate is used to adjust the
polarization of the incident light on the sample. Both of the parallel and perpendicular
polarization powers of the reflected light are measured as a function of the strain in the
sample. Phase sensitive detection techniques are employed with a mechanical chopper
and a lock-in amplifier. The experiment is controlled by a Labview program. As has been
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discussed in Chapter 1, the measured perpendicular component of the reflected power is
subtracted from the measured parallel component to obtain the pure signal due to the
surface reflection. This signal is then normalized to its initial value before applying strain.

Beam
splitter

P1

Stretch
stages &
\motors
Stress
sensor

λ/2 plate

He-Ne
laser

Chopper

Computer
with GPIB
interface

Photo
detector

Lock-in
amplifier

P2

Motor
control
Photo
detector

Figure 3.1 Schematic experiemental setup with bulk optic components. In the
experiements, the polarization orientation of the incident light is perpendiculer to the
direction of the stretch and parallel to the sample surface (or simply called TE incident
mode). The incident angle is about 57 degrees, corresponding to the Brewster angle6 of
the material.

The normalized optical signal is also called normalized reflectivity in this report.
The data measured on the latex materials shows that the normalized reflectivity increases
linearly with the increasing stretch. The results from a 80mm long, 30mm wide polyvinyl
sample demonstrated the linear relation between the normalized reflectivity and the
stretch within about 25% (

AL
) strain. No saturation is observed. The result is in
L0

agreement with the data obtained previously6'7, and is shown in Figure 3.2. The linear fit
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of the normalized reflectivity shows a correlation coefficient of 0.986 and reflectivitystrain slope of 1.23. The reflected optical power of the parallel component also increases
with the strain, but the perpendicular component does not show an obvious trend to
increase or decrease with the strain.

Parallel

Normalized

Perpendicular

Strain

Figure 3.2 Reflectivity as a function of the strain (— ) for the polyvinyl sample.
Lo

In order to affirm the validity of the test results and to investigate the elasticity of
the material, two samples were made from the same polyvinyl material and cut to the
same width yet with different lengths. These samples can be viewed as simple springs of
different initial lengths. From the simple model of elasticity, the tension in the latex

ΔL
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YA
samples for small stretches can be expressed as F = — ΔL, where Y is the Young's
Lo
modulus, A and Lo are the area of cross section and the sample initial length respectively,
YA
AL is the stretch length. Defining k = — as the spring constant, such that k represents the
Lo
slope of the stress vs. stretch curve, one gets F = kAL . Clearly, k is proportional to L.
In the experiment, one sample was cut to be 78mm long; the other one was 50mm
long. For the 78mm long sample, the slope of the reflectivity vs. stretch curve is about
2/3 (

1.5217
—0.66) of that of the 50mm long sample (Figure 3.3 (a)). This result is
2.2925

consistent with the theoretical expectation, since one expects the ratio of the added length
to the original length determines the normalized reflectivity. In the experiments, the
applied stress was also measured as a function of the stretch, and a nearly linear relation
between the stress and the stretch was obtained for strain less than 30%, due to the high
resilience of the latex material. From this simple model, the ratio of the slope of the stress
vs. stretch plot of the 78mm long sample to that of the 50mm long sample should be
50
— =0.641. Experimentally, for the 78mm long sample, the slope of the stress vs. stretch
78
curve was

0.4267
—0.669 of that of the 50mm long sample (see Figure 3.3 (b)). The
0.6376

stress vs. strain plots and the normalized reflectivity vs. strain plots for the two samples
are shown in Figure 3.4, the traces of the regression lines are essentially overlapped for
the two samples. These results agree with the model predicted value.
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Stretch (mm)

(a)

y = 0.6376x + 1.0133
50mm long sample
y = 0.4267x + 0.9733

78mm long sample

Stretch (mm)

(b)
Figure 3.3 Normalized reflectivity vs. stretch (a) and stress vs. stretch (b) for the 50mm
and 78mm long samples (error bar: (a) ±5%, (b) 0.2mv).
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Figure 3.4 Stress as a function of strain (A), Normalized reflectivity as a function of
strain (B). The slopes of the plots for the two samples are close.

Based on the results from the experiments on the bulk optics system, the fiber
system will employ the same methodology, thus it is reasonable to conclude that this
fiber system is conceptually feasible. The implementation of the system consists of two
phases: 1) Fiber optic system working on flat soft surfaces such as stretchable plastic or
latex materials, or where the curve radius of the surface is much bigger than the light spot
size, and 2) Expand the system to work on the curved surfaces such as surface of an
inflated balloon, piece of stretched plastic. This will serve as a model for small body
cavities and inner surface of blood vessels, where the surface curvature can not be
neglected.
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3.2 Experiments on Fiber Optic Components

3.2.1 Design and Fabrication of the Polarizing Fiber Probe
Possible fiber probe configurations should include two major types: fiber bundles and
discrete fibers. If imaging through the system is not desired, there would be no obvious
advantage for fiber bundle configurations, since the function of a fiber bundle can always
be achieved by a single fiber in this application except that a fiber bundle can provide
more uniform illuminations. However, fiber bundles usually have larger sizes and the
fabrication of the probe becomes more difficult. In this work, discrete fiber configuration
will be selected due to its simplicity in the fabrication process of the fiber probes.
For the discrete fiber configurations, two different incidence cases were
considered: normal incidence and oblique incidence. As discussed in the bulk optic
configuration, the optimized incidence angle is roughly the Brewster angle of the sample,
this configuration in fiber optic system has drawbacks in the applications. Because the
receiving fiber has to be oriented in the specular reflection direction, once the fiber probe
has been fabricated, the probe to sample distance in an application also becomes a fixed
value (Figure 3.5), consequently, alignment issues in the sensor positioning become
critical.
Although it is easy to attach a small glass slide in front of the probe to fix the
probe to sample distance, the physical contact between the glass and the tissue sample
would inevitably change the local surface morphology of the sample.
For above considerations, the normal incidence configuration was selected, which
will not be subject to the strict positioning set by the probe-to-sample distance. Moreover,
the fabrication of this type of probe is easier, since all the fiber facets lie in the same plain,
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which facilitates the attachment of polarizing filters. Another great advantage is that the
sample to probe distance for this type is flexible within the range of several millimeters,
which is necessary in the experiments.

Wrong position
Sample
Right position

Fibers

Figure 3.5 Positioning of the fiber probe for oblique incidence. Once the fiber probe has
been fabricated, the probe to sample distance in an application must be fixed, hence lacks
flexibility of positioning.
It is important to consider the question of which configuration is more suitable: a
two-fiber configuration or a three-fiber configuration? In the two-fiber configuration, one
fiber works as incident fiber and parallel receiving fiber simultaneously, the other fiber
plays the role of perpendicular receiving fiber. The schematic of this configuration is
illustrated in Figure 3.6.
Laser in

Reference detector
3dB 2-way coupler

Polarizer plates

Parallel detector
Perpendicular detector

Figure 3.6 Two-fiber configuration of the polarizing fiber probe.
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The advantage of this structure is that the receiving fiber is rigorously orientated
in the specular reflection direction. However, the 3dB 2-way couplers are not always
commercially available for different fiber specifications, and the in-house fabrication of
the coupler is not readily feasible and cost effective. The three-fiber configuration (Figure
3.7) will be used in the entire experiment.
Parallel
Receiving Fiber

Perpendicular
Receiving Fiber

Incident Fiber
1

Polarizing
filter

Polarizing
filter
d

d

Figure 3.7 Three-fiber configuration of the fiber probe.
Comparing with the two-fiber configuration, this three-fiber structure eliminates
the need for a fiber splitter, however, at the sacrifice of non rigorous specular detection.
For small diameter fibers, the deviation from the specular reflection direction is
negligible as long as the probe to sample distance is much longer than the fiber diameter,
which is truly the case in most applications. In the following paragraph, the detailed
fabrication process of the fiber probe is discussed.
Three fiber probes were fabricated using identical fibers in each probe as incident
fiber and receiving fiber. For fabrication convenience, only one fiber probe was made
with different fibers for incidence and detection. Although a smaller fiber diameter and
NA is desirable for the incident fiber for better beam quality, and a larger diameter fiber
is better for detection, the probe with identical fibers does not lose the generality of the
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characteristics of a fiber optic configuration compared with the bulk optic system.
However, this consideration is necessary when the system design is to be optimized.

Procedure of the Fiber Probe Fabrication:
First, two pieces of glass sides (1mm in thickness) are cut approximately 3 X 15mm and
roughly polished for the edges. Then very shallow V-trenches are created in one top
surface of one slide, the separation of the trenches determines the separation of the fibers
in the array. Designated fibers are sandwiched in an array between the glass slides with
each fiber sitting in the corresponding trench. UV curable epoxy is then filled in the
empty spaces between the fibers and the glass slides. It is important to hold the assembly
tightly and maintain the desired shape. With UV light applied, the epoxy can be cured in
a very short time period, which ranges from seconds to minutes depending on the power
of the UV light source. Sometimes, it is desired to wait several hours or a day to let the
epoxy fully cure at room temperature. The assembly is a solid unit and ready for a fine
polishing of the fiber ends. Thorlabs fiber polishing tool kits are used for this process.
After the polishing, the assembly is put under a microscope for inspections. The
actual fiber separations are measured at this step, because it is common that the fiber
separations deviate several microns from the designed distances due to the processing
errors. It would be a great improvement, if the v-trenches are created by lithography on a
silicon substrate, since the scaling is more accurate. The top cover sheet still can be glass,
through which UV light can pass and reach the epoxy in the spaces between the fibers
and the substrates. The fiber assembly of the probe is shown in Figure 3.8.
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Figure 3.8 Fiber array is sandwiched between two glass slides.
Second, two polarizing filters are glued on the end of the fiber assembly. The two
polarizers with orthogonal orientations are cut to about 1.2 X 1.5mm in size (exact size
depends on the fiber diameter) with thickness of 0.7mm. The attachment of the polarizers
to the end of the fiber array is performed under a microscope. With the help of a tiny tip,
the position of the polarizer can be manipulated, such that the designated fiber ends are
covered by the polarizer with the desired orientation. The Norland 68 UV adhesive is
applied between the polarizer and the fiber facets and cured by a UV curing kit. The
adhesive has an optical index which matches the index of the material of fibers, thus
reducing the Fresnel reflections from the incident fiber facet. The detector head with
polarizers attached is shown in the following Figure 3.9.
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Figure 3.9 Polarizing filters with orthogonal polarization orientations are glued to the
probe ends. The central fiber is the incident fiber, and together with the parallel receiving
fiber is covered by the same polarizing plate.
The last step is the fabricated fiber probe is pigtailed with fiber connectors, which
makes the launching of laser light into the fiber and the wiring of reflected optical signal
easier. A fully packaged polarizing fiber probe is shown in the following figure (Figure
3.10), the fiber probe is a colorless rectangle, the incident fiber connector is blue, and the
two connectors of receiving fibers are black. Note that in this system, no miniature fiber
lenses are used. These dimensions of the probe are about 2mm (thickness) X 3mm (width)
X lOmm (length), and these dimensions can be substantially reduced if the fiber diameter
is small enough.
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Figure 3.10 A fully fabricated sensor with fiber pigtails. The dimension of the probe
head is about 2x3x1Omm.

Four polarizing fiber probes with different fiber specifications were fabricated
using the procedure discussed above. The specifications of the probes are shown in the
following Table 3.1. The fiber diameter columns show core/cladding values. The
separation value (left/right) is the gap between two adjacent fibers (see Figure 3.6).

Table 3.1 Fiber Probe Configurations
Probe
#

Receiving
Incident fiber
fiber diameter
diameter
(core/cladding) (core/cladding)

Incident
fiber NA.

Receiving
fiber NA.

Separation
between fibers
(left/right)
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3.2.2 Experiments on Flat Surface with Fiber Optic Components
The schematic of the system is shown in Figure 3.11. The He-Ne laser beam with
wavelength around 633nm is directed through a mechanical chopper and the beam splitter,
and then coupled into the incident fiber of the probe via the fiber coupling optics, so that
phase sensitive detection can be employed. Detector D1 measures the reference power.
Detectors D2 and D3 measure the parallel component and perpendicular component
power of the reflected light respectively. Note that no miniature fiber lenses are used at
the ends of the light collecting fibers, because the fiber probe is very close to the sample
surface (several millimeters) such that enough light can be directly coupled into the
receiving fibers (multimode, large NA.). The fiber probe is oriented in the normal
direction of the flat surface, and the flat sample is mounted on a computer controllable
translation stage.
Beam
splitter

Mechanical
Chopper

Fiber
coupling

Fiber probe

Sample

1

Lock-in
Amplifiers

Computer
With GPIB
Interface

Figure 3.11 Experimental setup for flat rough surfaces.
All the fabricated fiber probes are employed in the experiment at different probe
to sample distances. Since the receiving fibers are not strictly oriented in the specular
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reflection direction, it is expected that the probe to sample distance is a factor that may
affect the measured slope of the linearity between the normalized reflectivity and the
strain. The experiment is controlled by a Labview program. Before the stretching of the
sample, the background signals in the two fiber channels were measured by illuminating
a void target, since the UV epoxy and the polarizing filters on the probe ends scatter or
reflect a portion of the light from the incident fiber that might be partially coupled into
the receiving fibers. Removal of these signals in each channel will yield pure reflected
optical signals from the sample only.

3.2.3. Fiber Optic Components with Curved Surfaces
The fiber optic probe is expected to have applications in measuring the strain (stress) of
the human tissue in vivo. An application example is schematically drawn in (a) of Figure
3.11. It has to be accommodated to the complex application environment, which requires
it to work on curved surfaces. The experiment needs to determine the curvature range of
the surface for which validity of the linear relation between the normalized reflectivity
and the strain holds. The mathematic formulation in the previous Chapter anticipates that
as long as the surface curvature radius is much larger than the probe to sample distance,
the linear relationship between the normalized reflectivity and the strain holds. In the
experiment, each configuration of fiber probe is used at different probe to sample
distances.
The experiment setup for the curved surface can be designed as shown in (b) of
Figure 3.12. The setup is under a microscope (not shown in the figure), so that relative
positions of the cantilever to the probe and the curved surface can be monitored clearly.
The fiber probe is mounted on a translation stage with positioning accuracy of 10μm, and
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can translate back and forth toward the curved surface. The cantilever mounted on
another translation stage is used to measure the position of the apex of the surface when
the air pressure is applied and the surface expands outward, such that the fixed probe to
sample distance can be maintained during the experiment. The air chamber has a circular
opening with a diameter of 25.4mm, a naturally flat latex sheet, same as the samples used
in flat surface experiments, is sealed on the circular opening.
Blood
pressure
Cantilever

Fiber
probe
Blood
vessel

Fiber
probe
Abnormal
sections

Curved
surface
Valve

Translation
stages

Pump
Air chamber
Pressure
Gauae

Fibers
(a)

Figure 3.12 Curved surface cases: (a) schematic of application, (b) experimental setup

Two points are addressed here: First, since the opening of the air chamber is
circular, the sample surface would become a sphere if air pressure is applied in the
chamber. As the surface swells, the curvature of the surface continually changes. Second,
because the stretching of the surface is isotropic in this experiment design, the strain in
the sample is no longer in only one direction, the surface ripple vector in orthogonal
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directions may introduce more dramatic roughness change of the sample compared with
the flat surface case.
Due to above considerations, the relationship between the normalized reflectivity
and strain in this experiment setup will be modified by the changing curvature of the
surface. However, if the rough surface (especially human tissues) has patterned
roughness instead of random one, or one of the surface ripple vector dominates the
surface corrugation (which is true in the selection of the sample in the experiment), the
strain in the orthogonal direction to the ripple vector would not introduce much
reflectivity change during the stretch. At this condition, only the strain in one particular
direction is considered, and the sphere surface under the illumination can be
approximated by a cylinder surface which has a curvature radius equal to the radius of the
sphere.

CHAPTER 4
DATA ANALYSIS AND SYSTEM OPTIMIZATION

The experimental results are collectively discussed in this chapter for each fiber probe
configuration and probe to sample distance. The normalized reflectivity vs. strain plots
are obtained, and the slopes of the linearity between the normalized reflectivity and the
strain for different probe configurations are presented. As discussed in Chapter 1, the
perpendicular component of the diffusively reflected light is treated as background noise,
even though the perpendicular component could carry some useful information from
deeper layers of the tissue sample. Thus the normalized reflectivity for the experiment is
calculated as:
(4.1)

where / is the optical power, and S is the strain of the sample. Then linear regression line
is employed to fit the RNormalized VS. S curve to obtain the slope.

4.1 Flat Surface Experimental and Simulation Results
The 0.2mm thick polyvinyl sample with initial length of 81mm (distance between two
stretching stages) and width 28mm is used in the experiment. For the probe to sample
distances ranging from 1 mm to 6mm, the measured parallel, perpendicular, and
normalized reflectivity are measured with a maximum strain of 23% using the four
probes discussed in Chapter 3. The details of the obtained data are illustrated in the
following paragraphs.
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4.1.1 Experimental Data
Figure 4.1 shows the results obtained with Probe 2 (specifications are listed in Table 3.1)
at lmm fiber to sample distance. The two lower traces are plots for the reflectivity of
parallel and perpendicular components as labeled respectively. The normalized
reflectivity is calculated using Equation (4.1) and is shown with the top trace in the figure.
A linear regression line is employed to fit the curve, indicating that the normalized
reflectivity is linearly related to the strain in the sample with a slope 0.9 and a linear
correlation coefficient 0.93. It is also shown that the parallel component of the reflected
light is linearly related to the strain in the sample. However, the perpendicular component
yields no appreciable change during the stretch.

Normalized

Parallel

Perpendicular

Strain

Figure 4.1 Reflectivity measured using Probe 2 at 1mm probe to sample distance.
Due to the geometric effects, as the probing distance changes, it is expected that
the behavior of the measured reflectivity will change accordingly, however it may be
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very small. With a 2mm probing distance, the same measurement is repeated on Probe 2,
and the regression lines are drawn for the three plots in Figure 4.2. As expected, all the
linear relationships still hold in this case. It is noticed that the slope of the normalized
reflectivity is 0.97, which is slightly higher than 0.9 in the lmm probing case. Another
new phenomenon is that the perpendicular component of the reflected light slightly
decreases with the increase of the strain. While these two effects are not prominent
enough to be out of the error range of the experiment or plot fittings, one may suspect
that a trend for the behavior of the measured reflectivity may exist as the probing distance
changes. This conjecture is proved to be true by later experiments, in which more data is
obtained by varying the probe to sample distance.

Normalized

Parallel

Perpendicular

y = 0.97x + 1.00
R2 = 0.95

y = 0.52x + 0.82

y = -0.0077x + 0.27

Strain
Figure 4.2 At 2mm probe to sample distance, results obtained with Probe 2.
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With probing distance changing from 3mm to 6mm, more reflectivity vs. strain
plots are obtained still using Probe 2. Figure 4.3 shows the results for the 3mm probing
distance. Other plots (not shown) with distances of 4mm, 5mm, and 6mm exhibit
common features. All of these plots show that the perpendicular component of the
reflected light decreases slowly as the strain in the sample increases. However, analysis
indicates that the slope of the normalized reflectivity does not increase monotonically
with the probing distance. Instead, it first increases until at about 3mm reaching its
maximum value 1.06, then the slope drops with the increase of probing distance.

Normalized

Parallel

Perpendicular

y = 0.53x + 0.78

y = -0.09x + 0.21

Strain
Figure 4.3 Reflectivity measured at probing distance 3mm with Probe 2.
It is also noticed that the linear correlation coefficient varies with the probing
distance too, indicating that an optimum probing position may exist. To summarize the
results obtained with Probe 2, Table 4.1 lists the key information of interest.
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Table 4.1 Slopes and Linear Correlation Coefficients for Probe 2

To verify the above results obtained with Probe 2, other probe configurations
(Table 3.1) are employed to repeat the experiment. By analysis of the data, similar results
are obtained for these configurations. The normalized reflectivity vs. strain slopes and the
linear correlation coefficients for all the fiber probes at different probing distances are
listed in Table 4.2. The data is obtained from the same polyvinyl sample.

Table 4.2 Slopes and Linear Correlation Coefficients for All Probes at Different Probing
Distances
Probe to sample distance (mm)

4.1.2 Data Summation
The extracted data in Table 4.2 together with the plots obtained from the measured data
with all fiber configurations indicate several common characteristics of the fiber probes:
1. The normalized reflectivity linearly increases with the strain of the sample; the
measured reflectivity of parallel component is roughly proportional to the strain of the
sample; the measured power of perpendicular component decreases as the strain
increases.
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2. Considering the intrinsic errors introduced by the fabrication of the probes (such as
deviation from specular reflection direction of the receiving fiber due to physical
presence of the fibers and necessary separations between them), for a fixed probing
distance between 3 and 4mm, the slope of the linearity is not very sensitive to the
probe configuration for fiber core diameters ranging from 100μm (Probe 1) to about
73511m (Probe 4) and numerical aperture ranging from 0.22 (Probe 2) to 0.51 (Probe 3,
4). For shorter ( 2mm) and longer 5mm) probing distances, there is significant
deviation in the measured slope only for Probe 4, which has the largest fiber core
diameter (735 μm) and N.A. value (0.51).

Slope
-

Linear correlation
coefficient

Probing Distance (mm)
Figure 4.4 Slope and linear correlation coefficient extracted from the linear fitting
between the normalized reflectivity and strain as a function of the probing distance.

3. The maximum slope and optimized linearity can be achieved by varying the probing
distance. The maximum slope is slightly above 1.0 at optimum position for all the
probes. At other probing distances, the slope is less than 1.0. From the data for Probe
2 in Table 4.1, the slope and R² vs. probing distance curves are readily obtained in
Figure 4.4. The other probes show the similar pattern as expected from the data in
Table 4.2.
4. Most of the data (Figure 4.1 through Figure 4.3) has higher noise level compared with
data obtained with bulk optic configurations (Figure 3.2), and the perpendicular
component of the reflected decreases slightly as the strain increases.
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While the first and second characteristics are in good agreement with the
prediction of the theoretical analysis, the third one greatly deviates from the theory
developed in Chapter 2, which predicts that the slope should be not less than 1 for any
surface with sinusoidal roughness pattern.

4.1.3 Simulation Comparison
To compare this fiber experimental result with the theoretical analysis, the numerical
result of a sinusoidal flat surface with roughness 4.0 (this roughness value is estimated
from the bulk optics experiments which show a slope of about 1.3 corresponding to a
roughness parameter Ag=4 in the theoretical analysis.) using Probe 2 parameters at
probing distance 3mm is shown in Figure 4.5. With the tracing of 50,000 rays uniformly
distributed in the incident light cone, the rays that finally propagate out from the remote
end of the receiving fiber are counted using a virtual screen for each stretch step. The
counted ray numbers (proportional to the normalized reflectivity) are then plot against the
strain of the sample. Fairly good linearity between the normalized reflectivity (due to the
algorithm, perpendicular component is eliminated automatically) and the strain is
obtained. As a comparison, the experimental data is also plotted in the same figure. The
slope and the linear correlation coefficient (R 2 ) for different probing distance are shown
in Table 4.3.
Table 4.3 Numerical Result of the Slope and Linear Correlation Coefficient of Probe 2
for Different Probing Distances
Probing distance

1 mm
Slope

3mm

5mm
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- Simulation
- Experiment
-Linear (Experiment)
-Linear (Simulation)

Figure 4.5 Simulation and experimental results of Probe 2 at 3mm probe-to-sample
distance with maximum strain of 15%.
To summarize, the simulated and the experimental slopes of the four probes at
lmm, 3mm, and 5mm probing distances are listed in Table 4.4. The slopes extracted from
the experimental data have the standard errors ranging from ± 0.03 to ± 0.06, and for
simulation data, this value is only about ± 0.01.

Table 4.4 Comparison between Slopes Obtained from Simulations and Experiments
Probe-to-sample distance (mm)
Probe
#

1

3

5

Sim Slope Exp Slope Sim Slope Exp Slope Sim Slope Exp Slope

68
Clearly enough, in Table 4.4 most of the simulation results suggest a lope of about
1.28, and is higher than the experimental result, which is close to 1.0. The simulation and
experimental results reveal the similar trend of the slope variation under different fiber
configurations, although the absolute values of the slope are different. This trend can be
more intuitively presented in Figure 4.6.

-Sim_lmm
-

Sim_3mm
Sim_5mm

-

Exp_l mm

- Exp_3mm
-

Exp_5mm

Figure 4.6 Simulation and experimental slopes vs. Probe # for different probing distances.
4.1.4 Discussion
Simulation results in Figure 4.5 and Table 4.3 show that linearity between the normalized
reflectivity and the strain is still maintained with incident beam divergence of 0.22 (NA.
of incident fiber) and strain less than 15 percent for different probing distances, which is
in good agreement with theoretical estimation in Chapter 2. The experimental
discrepancies (the third characteristic in Section 4.l.2, in which the slope is less than 1)
compared with numerical results and the prediction of theory may come from the
following factors:
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•

Surface modeling errors: The assumed sinusoidal surface roughness and nonstretchable surface path length may not be strictly true for the polyvinyl glove sample,
which could be the major cause of the slope values smaller than 1.

•

Design geometry errors: The incident beam divergence, the light spot size at sample
surface, the position deviation of the receiving fiber from specular reflection direction
due to design and fabrication limit all introduce some systematic errors, but trends of
one probe versus another are still valid.

These factors will be further discussed later (Chapter 5). As for the fourth
characteristic, the excess noise could not come from the laser power and polarization
hopping (which is equally present in bulk optic system). The lower input optical power
level compared with bulk optic configuration, the divergence of the incident light beam,
and possibly intrinsic properties of multimode fibers (so called "Modal Noise") are
suspected to have major influences on the signal-to-noise ratio48-51. The decrease of the
detected reflection power of the perpendicular component during the increasing of the
strain may come from following reason: As the stretch increases, the thickness of the
sample decreases, which reduces the scattering events as the photons migrate within the
sample. Thus more photons simply transmit through the sample, and less photons are
reflected back as unpolarized light, resulting in the decreased power of the perpendicular
component.

4.1.5 Summary
Despite the above imperfections, the fiber probe as a substitute of the bulk optic system
for stress/strain sensor maintains the good linearity between the normalized reflectivity
and the strain. The experimental result in Table 4.2 and the simulation comparison data in
Table 4.4 reveal that with fiber N.A. up to 0.51 and fiber core size up to 486μm, the slope
of the linearity is fairly insensitive to the fiber configuration. With larger core size and
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N.A. fiber, the slope is more sensitive to the probing distance, which is mainly due to the
geometry errors of the configuration of the fiber probe.

4.2 Curved Surface Results
4.2.1 Description on Several Experimental Parameters
The same material sample is cut and mounted on an air chamber opening of the setup as
shown in Figure 3.11(b) in Chapter 3.

Probing
distance

Probing distance
is kept constant
Fiber probe

Fiber probe

Initial state

Surface expands

Figure 4.7 Surface swells after air pressure is applied, R is the radius of the sphere, D is
the aperture of the opening, and h is the height of the partial sphere measured from the
base of the mounting.
The sample is initially flat and its edge is sealed with glue on the chamber
opening periphery. The diameter of the opening is measured to be 18.5mm. When air
pressure is applied, the flat surface will swell out forming a partial sphere due to the
flexibility of its nature, and the curvature of the surface increases. As discussed in the
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previous chapter, under approximations, only the curvature and strain in one dimension is
concerned. The sphere is effectively treated as a cylindrical surface, and the surface
expanding direction is corresponding to the direction of the vector of sinusoidal ripples
on the cylinder surface (see Figure 2.11). During the experiment, as the surface swells
out (convex case), the probe adjusts its position to keep the probe to the surface vertex
distance constant (see Figure 4.7). From the geometry, the radius of the sphere is readily
obtained:
(4.2)
and the periphery length of the big arc after the expansion of the surface is:
(4.3)
the one dimensional strain in concern is simply derived as:

(4.4)
Substituting Equation (4.2) into Equation (4.4), one obtains:

(4.5)

4.2.2 Material Elasticity Investigation
First, it is necessary to investigate the elasticity of the material used in this experiment,
such that the relationship between the normalized reflectivity and the strain can be used
to link the change of normalized reflectivity to the excess stress in the sample, and
therefore extract the elastic properties of the sample.
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From the Laplace's equation, the measured pressure P in the air chamber, the
tension (N/m) T in the sample, and the curvature radius R are related by the simple
equation:
(4.6)
Since strain S is calculated through Equation (4.5), R is calculated through Equation (4.2),
and pressure P is the direct measured quantity in the experiment. Thus a relationship
between the strain S and the surface tension T (or PR) is established. Elasticity can be
checked by plotting T (or PR) vs. S curve in Figure 4.8, which indicates that the linear
relation is maintained for strain less than about 15%. It is straight forward to establish the
relation between the normalized reflectivity and the applied surface tension with the help
of the T vs. S curve for that particular material.

Strain
Figure 4.8 Elasticity of the sample material, the linear relation between the strain S and
surface tension T (N/m) or PR is maintained for strain less than about 15%.
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4.2.3 Experimental Results
The original data is measured according to different h values. With the help of Equation
(4.5), the normalized reflectivity vs. strain curves can be plotted. For probing distances
ranging from 1 mm to 5mm, the normalized reflectivity vs. strain curves are obtained in
the following figures.
Figure 4.9 shows the normalized reflectivity vs. strain plot for Probe 2 at 1 mm
probing distance. It is clear from the plot that the relationship between the normalized
reflectivity and the strain is approximately linear for strain up to 35%, even though the
curvature of the surface continuously changes during the expanding of the surface.
Considering the linear range of the relation between the surface tension and the strain
shown in Figure 4.8, the linear fit for the curve is plotted for strain below 15%, and the
slope is about 3.4. This result is reasonable, since the fiber is very close to the surface, the
light spot on the surface is very small, and the fiber probe can hardly sense the curvature
of the surface. It is safe to treat the sphere as a flat surface if the curvature radius is much
larger than the probing distance (of course, fiber diameter can not be too large). As the
surface continues to expand, saturation effect appears after the strain reaches 15%,
corresponding to the limit of the linear range obtained from Figure 4.8, therefore the
slope becomes smaller.
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Strain

Figure 4.9 Normalized reflectivity vs. strain measured with Probe 2 (200/22011m fiber) at
lmm probing distance. Read line is the linear regression line for the experiment data. The
over all data fitting shows a slope of 2.67. Within the linear range, the linear fitting gives
a slope about 3.4.

The slope 3.4 is much larger than the value expected from flat surface
experiments and the cylindrical surface simulation, which is about 1.3. Since the material
of the sample is cut from the same polyvinyl material, they are assumed to have the same
surface parameters. While it is possible that the surface parameter or even roughness
pattern varies greatly within the same glove sample, which might cause dramatic slope
change from one region to others, there are else error factors that should be considered,
and will be discuss in the next chapter.
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Strain

Figure 4.10 Result obtained with Probe 2 at 2mm probing distance, red line with slope of
2.40 is the linear fit of the entire measured data. The shorter line with slope 2.29 is the
linear fit for strain less than 15%.

With 2mm probing distance, the similar result obtained by Probe 2 is shown in
Figure 4.10. The slope reduces to about 2.3, but linearity is still maintained. However,
when the probing distance is more than 3mm with the same probe, the behavior of the
normalized reflectivity under the strain shows a different trend.
The corresponding plots for 3mm, 4mm, and 5mm probing distance are
exclusively shown in Figure 4.11. At the beginning of the expansion, and for all the three
different probing distances, normalized reflectivity decreases until the strain reaches
about 7%, then it starts to increase as the strain continues to increase. Within the linear
range of the elasticity (strain<15%), the linear relationship between the normalized
reflectivity and the strain is not valid for these probing distances.
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3mm probing distance
1.mm probing distance
5mm probing distance

Strain
Figure 4.11 The behavior of normalized reflectivity under strain for 3mm, 4mm, and
5mm probing distance with Probe 2. The normalized reflectivity first decreases as the
surface expands, after the surface strain exceeds about 7%, the normalized reflectivity
starts to increase.

It is also noticed that the decreasing of the normalized reflectivity for 5mm
probing distance is faster than those of the 3mm and 4mm probing distances, while the
increasing of the normalized reflectivity for 5mm probing is slightly slower than that of
4mm case, which is in turn slower than that of 3mm case. This can be explained as
following:
First, when the probing distance is comparable to the radius of curvature of the
surface, the incident light spot size on the surface will be larger, and the increased
curvature of the surface introduces more spreading of the light, thus the flat surface
approximation is not valid for this case. Hence, one should not expect a linear relation
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between the strain and the normalized reflectivity. This effect can be readily illustrated in
the following geometrical sketch (Figure 4.12).
Flat surface

Curved
surface

10BI = 4 10AI

Figure 4.12 For small probing distance, the curved surface cab be treated as flat one with

good approximation; for larger probing distance, the approximation is not valid.

Second, not only the curvature radius changes during the expansion of the surface,
but also its rate of change differs. The initial expanding of the flat surface causes the
curvature radius to decrease from infinity to a radius comparable to the probing distance
very quickly, and the global curvature introduces extra light spreading, which tends to
decrease the specular reflection. Meanwhile, the strain in the surface works in a contrary
way, which reduces the surface roughness causing the specular reflection to increase.
These two factors compete with each other. Initially the former factor dominates since the
curvature radius increases very fast; after the turning point, the later factor dominates,
since the curvature radius increases much slower. The longer the probing distance the
stronger the former factor. The over all effect is that the normalized reflectivity decreases
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first, it then increases after the strain reaches certain value. And for longer probing
distance, it shows sharper decreasing and slower recovering of the normalized reflectivity.

Strain
Figure 4.13 Curvature radius vs. strain and its derivative, -dR/dS is the absolute value of
the curvature radius changing rate with respect to the strain. It is obvious that with small
strain at the beginning of the surface expansion, the rate at which the radius changes is
the largest.

To better understand this, the curvature radius vs. strain curve and its derivative
curve were plotted with the help of Equation (4.2) and Equation (4.5). The plots are
shown in Figure 4.13.
All of the probes under investigation exhibit the similar relationship between the
normalized reflectivity and the strain in the sample. However, the position of the turning
point varies and depends on the probe configuration. Figure 4.14 shows the results
obtained with Probe 3 on the same sample.
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Strain
Figure 4.14 The behavior of the normalized reflectivity under strain with Probe 3
(485/50011m fibers) at 1mm~5mm probing distances.
4.2.4 Discussion
In most applications (i.e., blood vessels), some amount of curvature is already present
before the surface is exposed to any external mechanical load. The curvature changes
continuously as the strain builds due to the external load. Hence, it is possible that even
with large probing distances, the decreasing of the normalized reflectivity does not
appear, a fairly good linearity in the entire measurement may still be obtained (consider
the cases with Probe 2 at 3mm, 4mm, 5mm, and if the surface initial curvature is more
than 0.077mm-¹(or radius less than 13mm). However, the slope would vary with different
probing distance. It is also noticed that if the initial surface is already or more than a half
sphere, the expansion of the surface would reduce the curvature, at this circumstance,
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both of the factors discussed above have positive contributions to the normalized
reflectivity, which introduces larger slope compare with flat surface cases.
Following the same argument, the corresponding analysis on the concave surface
cases can be done. In applications, the surface curvature condition and how the curvature
changes during the mechanical load vary differently, hence analysis should be aimed at a
specific application. It is possible that with certain surface parameters and probing
conditions, only one factor of the two dominates during the entire experiment, which
results in monotonic decreasing or increasing of the normalized reflectivity even the
probing distance is large. No doubt that if the probe size is small compared with the
curvature radius and the probe is put very close to the curved surfaces, the case would be
reduced to the flat surface condition as demonstrated here for 1 mm and 2mm probing
distances with Probe 2.
In order to isolate and better understand the effects of the changing curvature on
the behavior of the normalized reflectivity, simulations on the cases where the curvature
of the surface does not change with the strain are helpful. The ray tracing of the reflection
on a cylindrical surface with radius 30mm, and roughness Ag=4 is performed. Using the
parameters of Probe 2 and 3mm probing distance, the normalized reflectivity vs. strain
plot is shown in Figure 4.15. It is clear that the linearity and the slope are both maintained
from a flat surface case, indicating that even if the surface is curved, as long as the
curvature does not change with strain, the linear relationship between the normalized
reflectivity and strain would still hold.
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Strain

Figure 4.15 Simulation result with fixed 30mm radius cylinder surface using probe 2 at
3mm probing distance.

Strain

Figure 4.16 When the probing distance (1mm) is comparable to the curvature radius
(1mm) of the surface, for Probe 2 there is no evidence showing that linear relationship
between the normalized reflectivity and the strain maintains for a cylindrical surface.

However, this is only true for large radius surfaces. When the curvature radius is
comparable to the probing distance, the above result is not correct. The simulation with
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an extreme case, in which the radius of the cylinder is only 1 mm, and the probing
distance is also kept at 1 mm with fiber parameters of Probe 2, and the tracing of 10,000
rays (Figure 4.16), reveals that the normalized reflectivity shows no trend to increase
with the strain.

4.2.5 Summary
From above discussion, one can summarize the results for curved surface cases into
following points:
1) For cases that the curvature of the curved surface does not change during the
expansion of the surface, the linear relationship between normalized reflectivity and
strain is still valid, except for those that the curvature radius is small enough to be
comparable to the probing distance.
2) For convex cases where the curvature increases during the surface expansion, the
behavior of the normalized reflectivity under the strain depends on the probing
conditions. For small probing distance, the linear relationship is valid; for larger
probing distance, the normalized reflectivity decreases with the strain first, then after
the turning point, it starts to increases; both the decreasing rate and the increasing rate
depend on the probing distance.
3) Concave cases and the decreasing curvature cases can be treated accordingly with the
same method. Generally, if the probing distance<< the radius of curvature, the effects
of the changing curvature can be neglected, and the change of surface roughness will
dominate the behavior of the measured surface reflectivity.

It has been demonstrated earlier that polarizing fiber probes without collimating
lens for the incident fiber can offer acceptable results on flat rough surfaces. However,
for curved rough surfaces, the performance of the fiber probes depends on the probing
distance, which introduces complications in the application and is a significant drawback
for the fiber system. Since the light spot generated by the collimated light beam on the
sample surface would not change its size with the probing distance, thus the
complications discussed above could be significantly reduced.
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4.3 Optimization of the Fiber Probe Configuration
Because many factors are involved in the measurement of the normalized reflectivity and
each application has its own conditions to determine which fiber configuration is the
optimum one, it is impossible to give the optimum configurations for all the applications.
However, the general design rules still can be summarized as following:
•

Use small N.A. and small size fiber as incident fiber and put the probe close to the
surface, if the signal is strong enough. However fiber size should be much larger than
the local features of the stretchable surface.

•

The receiving fiber diameter and N.A. can be relatively larger than the incident fiber,
but keep the separation between fibers as small as possible. Larger diameter fibers
usually introduce more geometrical errors, especially if the probing distance is very
small.

•

N.A. is not a major concern in the application of flat surface cases if the probing
distance is much larger than the fiber diameter. However, in curved surface cases, the
N.A. has significant influence on the performance of the fiber probe. Using small N.A.
fibers would reduce the complications caused by different probing distances, and a
collimating lens for incident fiber would completely eliminate those complications.

•

The effects of the fiber size can be transformed to the effects of probing distance for
flat surface conditions, providing flexibilities of the design in an application.
The first three points are straight forward, only the last point is to be discussed

here. It suggests that if one can not find small enough fibers, one may simply increase the
probing distance will larger diameter fibers to achieve the desired goals. In other words,
only the fiber diameter to probing distance ratio matters. For example in a flat surface
case, Probe 2 (200/220m, N.A.=0.22) at 2mm probing distance is equivalent to a probe
with fiber diameter 400/440m N.A.=0.22 at 4mm probing distance, as long as the fiber
separations are small enough to be neglected. However, if the surface is curved, one has
to double the radius of curvature of the surface accordingly in this example if no
collimating lens is used.

CHAPTER 5
DISCUSSION

5.1 Validity of the Surface Roughness Modeling
As already discussed in previous chapters, the success of the sinusoidal roughness model
for skin tissue originates from the physiology of the skin and its topology measurements,
which show quasi-periodic skin structure6'7'44-46. This model has been used to explain
how the surface patterns of the skin change as a result of excess stress. Later, Schulkin47
etc. proved mathematically that the linear relationship between the normalized
reflectivity and the applied stretch is applicable to common stretchable rough surfaces. In
this theory, the author used Fourier analysis to introduce the effective roughness of the
surface such that the treatment for sinusoidal roughness model can be directly
transplanted to common surface roughness patterns47.
This theory was supported by experiments in prior works6'7'47 as well as results
obtained on polyvinyl samples in the present work. However, this theory assumes that
each sinusoidal component of the roughness does not change its pattern under stress, such
that the partial contribution to the reflectivity from particular sinusoidal component
would not change either. More over, the two dimensional treatment appears not enough
for general surface roughness pattern, since most materials show nonzero Poisson ratio,
which introduces morphology change in directions perpendicular to the stress. If the
actual surface path length is intrinsically stretchable, this theory would also introduce
significant errors compared with experimental results.
Nevertheless, this theory is acceptable for its simplicity with reasonable
imperfections, which may cause minor discrepancies with experiments for particular

84

85
samples. In flat surface cases in Chapter 4, It has been pointed out that the surface
modeling error could be the reason for slopes less than 1. In the curved surface cases
(1mm and 2mm probing cases), one obtains much higher slope (2.67 and 2.40 for 1 mm
and 2mm probing distance respectively). In addition to the factors (discussed in Chapter 4)
which cause dramatic slope change from the predicted value by the theory, the factor
originating from the three dimensional nature of the surface roughness should be
considered. For flat surface case, the stress in one direction will introduce excess strain
along the perpendicular directions, because the Poisson ratio is not zero for the material
(typical Poisson ratio for rubber is 0.5). In the curved surface cases, strains in two
directions decrease the surface roughness in both dimensions, causing much higher slope
compared with that predicted by the theory for the one-direction roughness model.

5.2 Performance Compared With Bulk Optics System
Compared with the flat surface results obtained through bulk optic system on the same
type of samples shown in Figure 1.3 and Figure 3.2, the results of fiber optic system
shown in Figures 4.1, 4.2 and 4.3 exhibit higher noise level and smaller slope for the
normalized reflectivity vs. strain curves. Figure 5.1 shows the plots of a comparison
between a typical fiber optic result and a bulk optic result.
Before the discussion of the noise, several possible noise sources can be excluded
first: As discussed in Chapter 4, the fluctuations of laser source power and polarization,
which are equally present in bulk optic system, can not be major sources that introduce
excess noise level in fiber optic system. The background room light should not cause the
problem either, since a lock-in amplifier was employed in the experiments, and this
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background room light is also equally present in the bulk optic system. The electronics
employed in the fiber optic system is the same as in the bulk optic system, which could
not be responsible for the higher noise level in the fiber optic system. It is reasonable to
assume that the levels of these noises discussed above are essentially not changed in the
transition from the bulk optic system to the fiber optic configuration. It is the decrease of
the optical signal level that causes the signal-to-noise ratio smaller in fiber optic system,
consequently gives rise to the relative noise level in the normalized reflectivity vs strain
plots.

-Fiber
-Bulk
-Linear (Fiber)
-Linear (Bulk)

Strain
Figure 5.1 A fiber optic result obtained with Probe 2 at 3mm probing distance compared
with result obtained from bulk optic system.

The incident light power of the bulk optic system is about 5 times higher than that
of the fiber optic system (Probe 2), while the receiving fiber has an acceptance angle
comparable to the lens acceptance angle in the bulk optic system. Moreover, the incident
beam of the fiber optic system is more divergent, although this divergence does not
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jeopardize the linear relationship between normalized reflectivity and the strain, it does
significantly reduce the effective incident power, because only light from the central
region of the light cone is contributive. Thus compared with fiber system, the bulk optic
system has higher signal to noise ratio.
The noise induced by the perpendicular incident angle in the fiber system rather
than Brewster angle in the bulk optic system is also noticed. The benefits of Brewster
angle incidence have not been systematically studied in the conditions where the incident
light is linearly polarized. Research on the light reflection from soft tissues observed that
at the vicinity of the Brewster angle incidence, the detected optical signal has much lower
noise level compared with other incident angles (H. C. Lim, Pers. Comm.).
Another possible noise source unique to the fiber system is the modal noise from
the incident multimode fiber60-6³. As much as 10dB increase in noise power due to modal
interference between different propagation modes in multimode fiber was reported
decades ago, and the model noise level depends on the fiber specifications and the
launching conditions60. Because the behavior of the modal noise is very similar to that of
the laser speckles, using incoherent source (such as LED) would reduce the modal noise
significantly7 (H. C. Lim, Pers. Comm.). Another way is to use a single mode fiber as the
incident fiber, such that no interference between modes appears.
The lower slopes of the fiber system compared with the bulk system may come
from two reasons. One is the geometrical error of the probe discussed in Chapter 4. The
geometrical error reduces the power detected from specular reflection, and more
importantly, it reduces the detected specular reflection power more significantly at
heavily strained surface than the lightly strained one. The other reason is that in the fiber
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system, the light spot diameter on the sample is usually several times larger than that of
the receiving fibers. In the theoretical analysis in Chapter 2, only the central part of the
light spot is assumed to be significant to the normalized reflectivity, while this
assumption is acceptable, it has obvious flaws. The ratio of the spot size to the probing
distance is limited by the fiber parameters, indicating small diameter and small N.A.
fibers are desired in the applications. It is also due to these reasons that a varying slope
for different probing distance for each fiber probe is observed.

5.3 Blood Vessel Elasticity Measurement Application
As discussed in Chapter 1, based on the fiber optic reflectivity sensing technique, a blood
vessel elasticity measurement device can be modeled. In this modeling, it is assumed that
a section of normal blood vessel in human body with a cylindrical wall is under the
investigation. The method can be readily used on the study of an aneurysm, where a
cylindrical surface is replaced by a sphere. It has been demonstrate in this work that if the
fiber probe is small and close to the object curved surface area, the linearity between the
normalized reflectivity and the strain would be maintained. The scattering characteristics
of light in the blood and the vessel wall, the vessel's structure and its non-readily access
position in human body make the fiber polarization probing an ideal technique for
biomechanical investigation of the wall tissue.
If the blood vessel diameter D is known, with the pressure P changing on the wall
of the blood vessel due to the pulsating of the heart, the normalized reflectivity R of the
inner surface of the wall would change accordingly, and the reflectivity behavior could be
predicted by the theory. Analyzing the relationship between the behavior of P and R may
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lead to the knowledge of the bio properties of the wall tissue such as its elasticity. Since
the heart pulsates at a frequency about 1.25Hz, a phase sensitive detection still can be
employed with modulated optical frequency above several thousand Hz and time constant
less than a millisecond.
Let the maximum and the minimum of the pressure in one heart cycle be PA/land
Pm respectively. According to Laplace's equation, and the cylindrical structure of the
blood vessel, the following relations hold:
(5.1)
(5.2)
where a is the circumferential tension (N/m) in the vessel wall, M and m denote the
maximum and minimum values respectively in one heart cycle, Y is the Young's modulus
(for simplicity, assumed isotropic), and t is the thickness of the wall (although the actual
wall consists of several layers with specific thickness and properties, an effective
thickness with uniform mechanical property can be estimated), S is the strain of vessel in
circumferential direction.
It should be pointed out that typically Young's modulus of the blood vessel wall
varies with mechanical load, and it is characterized by a series of values measured under
a set of stresses64'65. For simplicity, and small amount of strain (<20%) condition, the
Young's modulus can be treated as a constant in one heart cycle. For major
arteries, Dm Dm = D, small stretch condition applies.
Applying the linear relationship:
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where Rm and Rn, are the maximum and minimum normalized reflectivity respectively in
one heart cycle, k is to be determined from the surface roughness. Replacing Sm and Sm
by Rmand R„, respectively yields:
(5.3)
The application schematic is shown in Figure 5.2.

Blood
vessel
Processing
unit

Blood
pressure cuff

Figure 5.2 Fiber optic probing of the blood vessel wall for the estimation of the elasticity
of the vessel tissue. A miniaturized pressure sensor can be attached to the fiber probe.

To evaluate whether this method is applicable in clinics, one needs to estimate how much
reflectivity difference can be introduced due to the strain change in the vessel wall.
Equation (5.3) can be rearranged as:
(5.4)
The parameters of a human abdominal aorta: the diameter D is about 30mm(largest), and
the thickness t is about 2.5mm, the surface roughness Ag is about 1, hence k=5. The
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Young's modulus for aorta arteries is in the order of 106N/m². For normal diastolic
pressure 80mmHg and systolic pressure 120mmHg, the change in normalized reflectivity
can be estimated by Equation (5.4) to be AR = 0.12. If the reflectivity is normalized to the
diabolic reflectivity, the change would be 9.1%, indicating that the increase of
normalized reflectivity can be detected in presence of systolic pressure compared with
that of diabolic pressure.
The risk of rupture of a brain aneurysm with the diameter less than lOmm is very
low66. For giant brain aneurysms larger than 25mm in diameter, the risk of rupture for the
first year is about 6%. Aneurysms that draw clinical attention usually have a diameter
larger than 1 Omm. From the experimental result on the polyvinyl sample with an average
sphere diameter about 30mm (Chapter 4), it is easy to extract the fiber probe
configuration that would work on lOmm diameter aneurysms by comparison (Table 5.1):

Table 5.1 Comparison between Surface Diameter and Fiber Probe Configuration
Surface
diameter

Fiber core diameter

Fiber N.A.

Probing distance

30mm
lOmm

It is important to note that the data in Table 5.1 for lOmm surface diameter can be
smaller than the listed values, which can provide better performance for the fiber probe.
The probing distance can also be increased if a collimating lens is used for the incident
fiber, such that the measurement would not be sensitive to the change of probing
distances. The improved design of the fiber probe discussed in the next section is
expected to increase the working range of the probing distance significantly.
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5. 4 Improvements on the Design of the Fiber Probe
As discussed in previous sections that the fiber optic probes can work well on the flat
surface cases and maintain the linearity between the normalized reflectivity and the strain.
However, the fiber system suffers from lower signal-to-noise ratio and smaller slope
compared with the bulk optic system. In the curved surface cases, when the curvature
changes during the expansion of the surface, the linearity between the normalized
reflectivity and the strain can only be achieved at short probing distances, for longer
distances, the linearity does not appear. All of these problems are related to the same fact
that the incident light beam is not collimated. A practical use of the fiber probe would
require at least a collimating fiber lens in front of the incident fiber.
Two major improved configurations of the fiber probe are proposed here. A
simplest design is to add a GRIN lens between the incident fiber and the polarizing plate
as shown in Figure 5.3. This design would be comparable to a bulk optic system, because
the two receiving fibers are equivalent to the aperture of the light collecting lens in the
bulk optic system. However, due to a three-fiber configuration, the geometry error can
not be removed.
End view

Top view

Figure 5.3 End view and top view of the proposed configuration of the fiber probe. A
GRIN lens is sandwiched between the incident fiber end and the polarizing plate.
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The geometry error can be removed if a single-fiber configuration is employed. In
order to use the incidence of linearly polarized light and detection as well, polarization
maintaining (PM) fibers must be employed. The system (Figure 5.4) essentially consists
of a 3dB 2x2 coupler made from PM fibers, a beam splitter, and a GRIN lens, which is in
front of the probe end. The fibers are oriented such that the polarization direction of the
incident light is parallel to the fast axis of all the PM fibers. The beam splitter at the
detector side separates the parallel component from the perpendicular component of the
reflected light. Both the beam splitter and the GRIN lens can be directly glued to the end
surface of the fiber.
Since the PM fibers are sensitive to the twisting and small bending, the handling
of the sensor requires special attention. Because the two orthogonal polarization
components of the reflected light have different attenuation rate in the PM fiber, the
attenuation ratio between the two polarization modes should be calibrated before the
measurements. As with common fiber system discussed previously, the back scattered or
reflected optical power from the fiber or the GRIN lens is expected to be measured and
removed by a void incidence on the sample.

Polarized
laser light

3dB 2-way coupler

Reference
detector

Parallel
detector
Probe end
Sample
Perpendicular
detector
Figure 5.4 The configuration of the single-fiber probe using PM fibers.

1 Stretch
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With the implementation of the PM fiber system, it is expected that both the
linearity and noise performance can be substantially improved. This part of work is
intended to be done in the future efforts, which requires advanced fabrication tools. The
experiment can start with 3dB 2-way couplers commercially made from standard single
mode telecommunication fibers.

CHAPTER 6
CONCLUSION AND SUGGESTIONS

6.1 Conclusion
In this dissertation, a fiber optic system using polarization imaging technique was
developed to investigate the potential applications of this technology on the strain/stress
as well as surface roughness measurements of soft tissues. Inheriting the surface
roughness model developed in the prior works, the original theory is improved such that
it can predict the detailed behavior of the normalized reflectivity under the strain. The
new theoretical analysis can treat not only very rough surfaces successfully, but also
surfaces of moderate roughness with acceptable accuracy.
In the implementation of the fiber optic system, two kinds of application
conditions were considered: 1) flat rough surface, 2) curved rough surface. A variety of
fiber optic systems with different fiber configurations were fabricated for the experiments.
These fiber optic systems did not employ the collimating lens for the incident fiber for
cost effectiveness and simplicity of fabrication. Numerical simulations were used to
compensate the short comings of analytical and experimental results. Experiments and
simulation results suggested that the linear relationship between normalized reflectivity
and strain in the flat sample can be maintained without critical restrictions. It is further
shown by the experiments that the performance of the fiber optic system is insensitive to
the fiber configurations under flat surface sensing conditions. However, for curved
surface condition, the fiber system suffers from complications due to its dependence on
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the probing distance. Expected solution for this problem is to use a collimating lens for
the incident fiber.
The validity of the one dimensional surface roughness model was discussed, and
possible error and noise sources in the experiments were explored. Finally, as an
application example, a fiber optic system was proposed to measure the
elasticity/stress/strain of tissues of the blood vessels.

6.1.1 Flat Surface Summary
Four fiber probes with different fiber configurations were employed in the experiments.
All of them show that normalized reflectivity linearly increases with the strain in the
sample. The normalized reflectivity of the flat surface is roughly proportional to the strain
of the sample. The slope of the linearity is not very sensitive to the probe configurations
for fiber core diameters ranging from 100pm (Probe 1) to about 735pm (Probe 4) and
numerical aperture ranging from 0.22 (Probe 2) to 0.51 (Probe 3, 4). Considering the
geometrical errors introduced by the fabrication of the probes (deviation from the
direction of specular reflection for the receiving fiber), the experimental sensing accuracy
can be optimized by varying the probing distance.
To optimize the system, smaller N.A. and diameter fibers are recommended for
the incident fiber. Compared with the bulk optic system, the fiber optic system exhibits
higher noise level and smaller slope of the linearity between the normalized reflectivity
and the strain. Although the fiber probes without collimating lens provided good results
in the experiments, a collimated incident light beam would enhance the performance of
the fiber probe.
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6.1.2 Curved Surface Summary
Simulation shows that for cases where the curvature of the curved surface does not
change during the expansion of the surface, the linear relationship between normalized
reflectivity and the strain is still valid, except for those that the curvature radius is smaller
than or comparable to the probing distance. For curved surface where its curvature
changes during the expansion, two factors that determine the behavior of the reflectivity
under the strain should be considered: 1) the curvature change introduces extra
convergence or divergence of the reflected light, which enhances or weakens the
reflection in the specular direction. 2) the strain reduces the surface roughness, hence
increases the specular reflection. For cases where the curvature increases during the
surface expansion and the surface is convex to the fiber probe, the behavior of the
normalized reflectivity under the strain depends on the probing conditions. For small
probing distance, the linear relationship is valid; for larger probing distance, the
normalized reflectivity first decreases with the strain, then after the turning point, it starts
to increase; both the decreasing rate and the increasing rate depend on the probing
distance. To remove these complications, a focusing or collimated incident light beam
would be necessary. Hence, a fiber probe with incident collimating lens is recommended
for the curved surface cases. The two dimensional expansion reality of the surface in
applications presents new challenges for the modeling of surface tomography.
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6.2 Future Research Suggestions
Although the critical part of the system is the fiber probe, to make the system portable,
the launching optics of the experiment need to be replaced by fiber optic features. The
light source can be replaced by a diode laser with a fiber pigtail and operating in pulse
mode, such that a full fiber optic system with integrated phase sensitive detection could
be established. A small sized and portable fiber system is desired in future studies.
As discussed in Chapter 5, the fabrication of the fiber probe may include the
integration of a fiber lens and polarizers on the end of the fiber probe. A single-fiber
system fabricated from a PM fiber coupler is expected to substantially improve the
performance of the fiber sensor.
Since the probing conditions in real applications are so diverse, computer
simulations are necessary before the design of the fiber probe for a specific application.
Through the simulations, optimized fiber configuration can be obtained. A high efficient
numerical method is critical in future work. Current method developed in the present
work has very limited versatility and computing capability. The simulation may include
the modeling of three dimensional random roughness surfaces if the computing resource
is abundant.
In vivo experiments on blood vessels or other tissues are the ultimate goal of this
work. However, due to the complexity and the risk of these experiments, it is not
recommended at this stage. In vitro experiments on animal tissues with the collimating
fiber probe are desired and feasible in the future work.
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